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Poly (lactide) (PLA), belongs to the family of aliphatic polyesters and is considered 
biodegradable, nontoxic to human body, and compostable. It is a thermoplastic, high strength 
and high modulus polymer derived from renewable sources, thus being widely used as an 
alternative to petroleum-derived polymers. PLA has three isomeric forms, i.e., poly (L-lactide) 
(PLLA), poly (D-lactide) (PDLA) and poly(racemic-lactide) (PDLLA). When the interaction 
between polymers of different tacticities or configurations prevails over that one between 
polymers of the same tacticity or configuration, a stereoselective association takes place 
between the former polymer pair. Stereocomplex could be easily formed between PDLA and 
PLLA, which may give PLA-based materials higher mechanical performances, thermal 
resistance, and hydrolysis resistance. A previous study of our group using molecular modeling 
found that better thermal and mechanical properties observed in PLA stereocomplex could be 
attributed to the formation of extra hydrogen bonds in the sc-crystallite. However, despite all 
these merits, PLA has some drawbacks, such as poor impact strength, small elongation at break, 
low heat deflection temperature (HDT) and poor UV light barrier properties, which hinders its 
large scale commercial applications.  
 
Incorporation of organic or inorganic fillers into polymer matrix is a frequently used 
strategy to enhance the thermal and mechanical property of the polymer matrix. Polymer 
composites are manufactured in industry for many diverse applications, such as sporting goods, 
aerospace components, automobiles, etc. Particularly, in the past 20 years, there has been a 
strong emphasis on the development of polymeric nanocomposites, where at least one of the 
dimensions of the filler material is of the order of a nanometer. The transition from 
microparticles to nanoparticles yields dramatic changes in physical properties, due to the 
tremendous increase in surface area per unit volume. Generally, nanofillers are classified by 
their geometries into three categories: (1) particulate filler, such as silica nanoparticle and 
polyhedral oligomeric sislesquioxanes (POSS); (2) fibrous filler, such as nanofibers and carbon 
nanotubes (CNT); (3) layered fillers, such as clay and graphene oxide. There are two crucial 
factors in determining the mechanical properties of the nanocomposites, i.e., the dispersion of 
nanofillers in the polymer matrix and interaction at the matrix-filler interface, which are the 
basic designing considerations in nanocomposite fabrication. Detailed literature reviews of 
PLA and polymeric nanocomposites are given in Chapter 1. 
 
To explore the reinforcement of PLA through nanocomposite techniques, layered graphene 
oxide (GO) is incorporated into PLA (Chapter 2) by using new strategies. In literature, 
basically there are two ways of incorporating GO into PLA, i.e., simple blending and 
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formation of covalent bonds. However, simple blending lacks strong interfacial interactions 
and thus leads to poor GO dispersion in PLA and insufficient force transfer, while 
incorporating GO into PLA through formation of covalent bonds is sophisticated and relatively 
difficult to handle. In this work, new attempts have been made to exploit the strong 
stereocomplexation of PLA as the interfacial interaction in the development of nanocomposites. 
Specifically, PDLA chains are grafted at the edges of GO, and then the synthesized 
GO-graft-PDLA is blended with commercial PLLA in solution to form a 
PLLA/GO-graft-PDLA nanocomposite. The formation of stereocomplex between filler and 
matrix have two benefits: 1) enhancing interaction at the GO/PLA interface and 2) facilitating 
the dispersion of fillers in polymer matrix since fillers tend to associate with matrix rather than 
fillers themselves. This method is promising because it is facile yet ensures strong filler/matrix 
interactions for PLA nanocomposites. During solution casting process, the incorporation of GO 
nanofillers leads to a lower crystallization activation energy and a higher crystallinity, mainly 
due to the heterogeneous nucleating effect of the well-dispersed covalently bonded GO sheets. 
On the other hand, during cold crystallization which happens in solid state, the crystallinity 
was low owing to exfoliated GO sheets which may reduce chain mobility and hinder crystal 
growth. 
 
For layered nanofillers, there are two possible morphologies of nanofiller-graft-PDLA 
copolymer, i.e., (1) PDLA grafted at nanofiller edges as in GO-graft-PDLA discussed in 
Chapter 2 and (2) PDLA grafted on nanofiller basal planes. The two morphologies may have 
different effects on the crystallization behavior of PLA nanocomposites, which is elucidated in 
Chapter 3. In Chapter 3, Cloisite® 30B clay, which is modified to possess alkyl hydroxyl 
groups on basal planes, is utilized to synthesize clay-graft-PDLA with PDLA grafted on clay 
basal planes. The difference in effects of the two morphologies on crystallization is two-fold: 
(1) during solution casting, commercial PLLA has to diffuse into clay gallery to form 
stereocomplex with PDLA of clay-graft-PDLA, which encounters some resistance and results 
in lower stereocomplex crystallinities, while for GO-graft-PDLA system, the diffusion is not 
necessary and PLLA could directly interact with PDLA at the edges of GO outside GO gallery 
to form stereocomplex; (2) when the solution casting sample is melted, quenched and 
subsequently cold crystallized, the PLLA that forms stereocomplex in clay gallery during 
solution casting is trapped, leading to easy re-formation of stereocomplex, while for 
GO-graft-PDLA system, there is no such “trapping“ effect and the re-formation of 
stereocomplex is relatively difficult due to low chain mobility.  
 
In addition to the layered nanofillers with two dimensional (2-D) geometry as discussed in 
Chapter 2 and Chapter 3, particulate and fibrous nanofillers with 3-D and 1-D geometry 
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respectively may lead to different crystallization behaviors in PLA nanocomposites. Chapter 4 
and Chapter 5 analyzes PLLA/CNT-graft-PDLA system and PLLA/POSS-graft-PDLA system 
respectively. It can be seen that CNT and POSS have less confinement on polymer chains than 
layered nanofillers. 
 
Stereocomplex formed between commercial PLLA and the grafted PDLA on the various 
nanofillers could facilitate good matrix/filler interactions and improve load transfer from 
matrix to fillers, which hence results in substantial improvements in Young’s modulus and 
tensile strength of the PLA nanocomposites. On the other hand, compared with neat PLA, the 
PLA nanocomposites exhibit impaired elongation at break with the incorporation of rigid 
nanofillers, which leads to brittleness and limits the application of these nanocomposites. 
Rubber toughening is a frequently used strategy to overcome the brittle response of PLA to 
deformation. However, when rubber is incorporated into PLA, the resulting PLA composites 
exhibit reduction of Young’s modulus and tensile strength although the elongation at break is 
imporved. A question arises as how to overcome to brittleness of the resulting nanocomposites 
while retain their Young’s modulus and tensile strength. 
 
To overcome the conflict between strength and toughenss of PLA, attempts have been made 
to insert rubber layers between POSS and PDLA in POSS-graft-PDLA. Our hypothesis is that 
when POSS-rubber-PDLA is blended with commercial PLLA, PDLA could ensure strong 
filler/matrix interactions and the rubber layer may collaborate with rigid POSS to enhance 
strength and toughness of PLA simultaneously. Based on this hypothesis, in Chapter 6, 
core-shell rubber-like particles for toughening commercial PLLA are developed. The 
core-shell particles consist of three components: (1) the core is POSS, which initiates the 
polymerization of the polymer shell; (2) the middle layer is a random copolymer of poly 
(caprolactone-co-lactide) (PCLLA) to serve as the rubberlike phase; (3) the outer shell is 
composed of PDLA segments. PLA nanocomposites are fabricated by blending 
POSS-rubber-PDLA and commercial PLLA. Crazing initiated by the PCLLA rubber layers 
endows the resulting nanocomposites with much enhanced elongation at break. More 
importantly, in PLLA/POSS-rubber-PDLA system, the increase in elongation at break does not 
lead to impaired modulus and tensile strength. On the contrary, there is even a simultaneous 
improvement in Young’s modulus and tensile strength when 20 wt% of POSS-rubber-PDLA is 
incorporated into PLLA, which supports our hypothesis. 
 
In Chapter 7, the strategy presented in Chapter 6 to overcome the conflict between strength 
and toughness in PLA is extended to graphene oxide (GO) as the nanofiller. GO is modified in 
a different way from Chapter 2 to possess alkyl hydroxyl groups on the basal planes. 
 11 
 
GO-rubber-PDLA is synthesized similarly to POSS-rubber-PDLA, which has rubber layers on 
GO basal planes followed by PDLA layers. When GO-rubber-PDLA is added into commercial 
PLLA, Young’s modulus, tensile strength, and elongation at break are all improved. The 
detailed mechanism behind the simultanous improvements in strength and toughness is 
elucidated by designing and systematically studying four PLA composite systems. It is found 
that the synergy derived from covalent bonds between GO and rubber is the key to the 
excellent mechanical improvements. Further confirmation of the effectiveness of the synergy 
comes from the study of PLLA/clay-rubber-PDLA system. clay-rubber-PDLA is similarly 
synthesized and incorporated into commercial PLLA (Chapter 8). The resulting 
nanocomposites also show significantly enhanced Young’s modulus, tensile strength and 
elongation at break.  
 
Lignin is an abundant renewable lignocellulosic biomass extracted from agricultural waste 
products, which is often disposed of as an industrial waste or by combustion to produce heat. 
In recent years, concern about the depletion of fossil fuel resources is driving a strong global 
interest in renewable energy sources and chemical feedstocks derived from plant sources. 
Hence, in Chapter 9, the rigid-rubber synergetic strategy is applied to lignin to achieve a fully 
renewable and biodegradable PLA nanocomposites. Commercial PLLA becomes 
simultaneously stronger and much tougher with the incorporation of lignin-rubber-PDLA. 
 
The utilization of stereocomplexation to improve the dispersion of nanofillers in PLA matrix 
and to enhance the interfacial interaction between filler and matrix has been successful. Our 
approach to overcome the conflict between strength and toughness of PLA has also been 
proved effective. These two findings could form a basis of our future exploration to develop 
high strength and high toughness composite materials in industrial applications, since the 
design concepts may be well applied to other filler systems, such as CNT and SiO2, and other 
polymer matrix systems, such as thermoplastics or thermoset materials, which will be 
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Figure 3.3. WAXD diffractograms of (a) the solution casting samples and (b) the cold 
crystallized samples. 
Figure 3.4. Stress-strain curves of PLLA and PLLA/clay-g-PDLA nanocomposites. 
Figure 3.5. SEM image of the facture surface of (a) 10%-clay-D and (b) 10%-D. 
Figure 4.1. FT-IR spectra of (a) CNT, CNT-COOH, CNT-BD in the range of 
1000-3000cm-1and (b) CNT-g-PDLA/PLLA stereocomplex nanocomposites in the range of 
850-1000cm-1. 
Figure 4.2. 1H NMR spectrum of CNT-g-PDLA in the range of 2.8ppm-6.1ppm. 
Figure 4.3. Differential scanning calorimetry (DSC) thermograms of neat PLLA, 
stereocomplex nanocomposites and the control samples. 
 14 
 
Figure 4.4. WAXD diffractograms of (a) the solution casting samples and (b) the cold 
crystallized samples. 
Figure 4.5. Transmission electron microscope (TEM) micrographs of the cross-section of the 
20 wt%-CNT-D film sample (consists of 20 wt% of CNT-g-PDLA and 80 wt% of PLLA). 
Figure 4.6. TEM micrographs of solution casting samples on a TEM grid coated with a layer 
of carbon film. 
Figure 4.7. Mechanical properties of the stereocomplex nanocomposites and control samples 
measured by nanoindentation: (a) Modulus. (b) Hardness. 
Figure 4.8. Stress-strain curves of PLLA and PLLA/CNT-g-PDLA nanocomposites. 
Figure 4.9. SEM image of the facture surface of (a) 10%-CNT-D and (b) 10%-D. 
Figure 5.1. 1H NMR spectrum of POSS-PDLA. 
Figure 5.2. Stress-strain curves of PLLA and 10%-POSS-D. 
Figure 5.3. SEM image of the facture surface of (a) 10%-POSS-D and (b) 10%-D. 
Figure 6.1. (a) 1H NMR spectra of POSS-rubber-D and POSS-rubber; (b) 13C NMR spectrum 
(C=O signals only) of POSS-rubber. 
Figure 6.2. WAXD diffractograms of the casted nanocomposite films. 
Figure 6.3. (a) FT-IR spectra and (b) DSC thermograms of the biodegradable 
PLLA/POSS-rubber-D nanocomposites. 
Figure 6.4. Stress-strain curves of PLLA and PLLA/POSS-rubber-D nanocomposites. 
Figure 6.5. SEM images of fractured samples after tensile tests. 
Figure 7.1. “Brick-and-mortar” structures to overcome the conflict of strength and toughness. 
Figure 7.2. Four composite systems proposed to verify the rigid-rubber structure unit concept. 
Figure 7.3. FTIR spectra of GO and GO-TDI-OH. 
Figure 7.4. NMR spectra of the synthesized polymers. (a) 1H NMR spectra. (b) 13C NMR 
spectra. 
Figure 7.5. AFM images of GO-rubber-D. (a) Height information. (b) Phase information. 
Figure 7.6. (a) FTIR spectra and (b) DSC curves of PLLA, 5%-GO-rubber-D, and 
10%-GO-rubber-D. 
Figure 7.7. Tensile mechanical performances of PLLA/GO-rubber-D composites and the three 
control composite systems. 
Figure 7.8. SEM image of 5%-GO-rubber-D fractured tensile specimen.  
Figure 8.1. (a)1H NMR spectra of clay-rubber-D and clay-rubber. (b) 13C NMR spectrum of 
clay-rubber (C=O signals only). 
Figure 8.2. WAXD diffractograms of clay-rubber, clay-rubber-D and the nanocomposites. 
Figure 8.3. DSC thermograms of PLLA and PLLA/clay-rubber-D nanocomposites. 
Figure 8.4. TEM images of the cross-section of 10%-clay-rubber-D. 
Figure 8.5. Stress-strain curves of PLLA, 5%-clay-D and PLLA/clay-rubber-D 
nanocomposites. 
Figure 8.6. SEM images of the tensile samples. 
Figure 9.1. (a) 1H NMR spectra of lig-rubber-D, lig-rubber-L and lig-rubber; (b) 13C NMR 
spectrum (C=O signals only) of lig-rubber. 
Figure 9.2. WAXD diffractograms of lig-rubber-D, lig-rubber-L and lig-rubber. 
Figure 9.3. (a) FT-IR spectra and (b) DSC thermograms of the nanocomposites. 
Figure 9.4. Hydrodynamic radius (Rh) of lig-rubber-D, lig-rubber-L, commercial PLLA and 
their mixtures in chloroform.  
Figure 9.5. Tensile mechanical properties of the renewable and biodegradable PLA 
nanocomposites. 
Figure 9.6. SEM images of fractured samples after tensile tests, where the double-head arrows 
show the tensile direction.  






Chapter 1. Literature Review 
In this Chapter, the background information of poly (lactide) and polymeric nanocomposites 
will be reviewed in detail. 
 
1.1 Poly (lactide) 
Poly (lactide) (PLA) is an aliphatic, hydrolyzable polyester, which has attracted much 
attention in terms of its ecological, biomedical, and pharmaceutical applications.1-3 It can be 
produced from renewable resources such as starch and has many properties similar to its 
petro-chemical based counterparts, thus being widely used as an alternative to 
petroleum-derived polymers.4 Upon exposure to heat and water, PLA could break down to low 
molecular weight oligomers.5 Further degradation can occur by the action of microorganisms 
to produce lactic acid in the body and carbon dioxide and water in the environment.5 The 
toxicity of the degradation products (lactic acid and its oligomers) in the human body and in 
natural environments is very low.3 
 
Scheme 1.1. The general synthesis process of PLA.5 
 
1.1.1 Synthesis of Poly (lactide) 
Poly (lactide), or synonymously poly (lactic acid), can be synthesized by polymerization of 
lactide or lactic acid. The polymerization of lactic acid involves an equilibrium 
polycondensation reaction, in which the difficulty in completely removing water, the 
byproduct of the reaction, can limit the maximum molecular weight attained due to hydrolysis 
of the ester bonds.6 To solve this problem, cyclic dimmer lactide is used. Lactide undergoes 
ring opening polymerization (ROP) to produce PLA, which is not a condensation 
polymerization and thus does not need removal of water. The general synthesis process of PLA 
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is depicted in Scheme 1.1. 
 
1.1.1.1 Lactide Production and Purification 
The ROP of lactide was first demonstrated by Carothers et al. in 19327 but could not obtain 
high molecular weights until improved lactide purification techniques were developed by 
DuPont in 19548. Lactide is produced by the depolymerization of low-molecular-weight PLA 
through backbiting reactions under reduced pressure to give a mixture of L-lactide, D-lactide, 
or meso-lactide (Scheme 1.2). The different percentages of the lactide isomers formed depend 
on the lactic acid isomer feedstock, temperature, and catalyst. The D-lactide and L-lactide 
enantiomers can form a 1: 1 racemic stereocomplex, which is commonly referred to as 
D,L-lactide to differentiate it from meso-lactide.6  
 
Scheme 1.2. The production of lactide.5, 6 
 
There have been various methods developed and patents issued to obtain and purify lactide 
in a commercially viable way.9-26 In laboratory, as the first step, low-molecular-weight 
(1000-5000) PLA polymer, commonly called prepolymer, is synthesized by condensing lactic 
acid, with or without various catalysts, at 110 -180°C and removing the water of condensation 
under vacuum (ca. 25 mm Hg, absolute). This prepolymer is then subjected to temperatures of 
180-215 °C and low pressure of 0.1-15 mm Hg to form and distill off the crude lactide13, 
which is normally purified later by recrystallization from dry toluene or ethyl acetate9. The 
multiple recrystallizations remove meso-lactide, lactic acid, and oligomers to give pure D-, L- 
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or D,L-lactide capable of forming high molecular weights.10-12 Commercial lactide production 
methods follow the same basic reaction scheme but differ in the reactors, methods of 
producing prepolymer, processes of lactide formation from prepolymer, or final methods of 
lactide purification. Examples of the many variations are reviewed below.  
Cargill Inc.14-18 has developed a continuous process wherein the crude lactide vapor from the 
prepolymer reactors is fed under reduced pressures into a series of distillation columns. The 
columns with precise reflux control can remove the remaining water, lactic acid, oligomers, 
and meso-lactide to yield pure lactide with less than 0.1 % total impurities. This pure lactide 
stream can either be stored or fed directly to polymerization reactors to give a continuous 
closed-loop system with no waste products other than water. Nemphos et al.19, 20 described a 
continuous lactide purification process wherein a multi-stage melt recrystallizer is used to 
remove lactic acid and oligomers. A simple example shows that by using a standard rotary 
evaporator set at 84°C, crude lactide could be purified by reducing the lactic acid concentration 
from 8.43 % to 0.88 %, and meso-lactide from 16.55 % to 3.45 %. Purity could be improved 
using a multi-stage recrystallizer. Bhatia et al.21-26 designed a continuous system in which the 
crude lactide is swept by inert gas from the prepolymer reactor into a solvent scrubbing system 
to preferentially purify the lactide. The solvents used in the scrubbing system are preferably 
nonpolar, water immiscible solvents such as toluene or other inexpensive aromatic 
hydrocarbons. The crude lactide vapor stream is passed through the toluene (or other suitable 
solvents) at a controlled temperature high enough so that the lactide is soluble but the water is 
separated out to form an aqueous layer which is easily decanted or distilled off. The remaining 
solvent phase is cooled to recrystallize and purify the entrained lactide. 
 
1.1.1.2 Mechanisms of Lactide Ring Opening Polymerizations 
Basically, the ring opening polymerization of lactide, depending on the type of catalyst used, 
may follow three categories of mechanisms, i.e., cationic, anionic, and coordination/insertion. 
1.1.1.2.1 Cationic Polymerization 
Cationic initiators consist of three main subgroups: protic acids (e.g. HBr, HCI, triflic acid), 
Lewis acids (e.g. ZnCI2, AlCI3), and alkylating or acylating reagents (e.g. Et30+BF4). 
Trifluoromethanesulfonic acid (triflic acid) and methyl trifluoromethanesulfonic acid (methyl 
triflate) are found to be the only cationic initiators that could polymerize lactide.27, 28 The chain 
growth proceeds by cleavage of the alkyl-oxygen bond. The propagation begins with the 
positively charged lactide ring being cleaved at the alkyl-oxygen bond by an SN2 attack from 
the triflate anion. The triflate endgroup reacts with a second lactide molecule again in an SN2 
way to yield a positively charged lactide which is opened. Then the triflate anion again opens 




1.1.1.2.2 Anionic Polymerization 
Anionic lactide polymerizations proceed by the nucleophilic reaction of the anion with the 
carbonyl and the subsequent acyl-oxygen cleavage, which produces an alkoxide endgroup that 
continues to propagate.6 
1.1.1.2.3 Coordination/Insertion Polymerization 
The anionic and cationic polymerizations are usually done in solvent systems, and due to 
their high reactivity are subject to racemization, transesterification, and relatively high 
impurity levels. For practical large scale commercial use, it is preferable to do bulk melt 
polymerizations that use lower levels of catalysts. The use of less reactive metal carboxylates, 
oxides, and alkoxides has been extensively studied to correct these problems.30, 31 It has been 
found that high-molecular-weight PLA of utmost purity can be easily polymerized in the 
presence of tin, zinc, aluminum, and other heavy metal catalysts with tin(II) and zinc.32 These 
catalysts are favored because of their covalent metal-oxygen bonds and free p- or d-orbitals. 
 
Scheme 1.3. Coordination/insertion mechanism of Sn(Oct)2-catalyzed polymerization of 
lactide. These alcohols (ROH) can be initiators such as MeOH or the propagating hydrolyzed 
lactide.32 
 
Kricheldorf and Serra33 investigated 24 different oxides, carbonates, or carboxylates in the 
bulk polymerization of lactide at different temperatures (120 oC, 150 oC and 180 oC). They 
found the most effective catalysts with respect to yield, molecular weight, and racemization to 
be tin (II) oxide or octoate, lead (II) oxide, antimony octoate, and bismuth octoate. The best 
results were obtained with tin (II) oxide and octoate at 120-150 oC with conversions of over 
90 % and less than 1 % racemization. Nowadays, tin (II) octoate, or synonymously tin(II) 
bis(2-ethylhexanoate), has become the most widely used complex for the industrial preparation 
of PLA32, which is hence chosen as the catalyst for ring opening polymerization in this thesis. 
This derivative, usually referred to as tin(II) octanoate (Sn(Oct)2), is commercially available, 
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easy to handle, and soluble in common organic solvents and in melt monomers. It is relatively 
active (typical reaction times in bulk at 140-180 °C range from minutes to a few hours) and 
allows for the preparation of high-molecular-weight polymers (up to 105 or even 106 dalton in 
the presence of an alcohol).34 One drawback of Sn(Oct)2 is the toxicity which is associated 
with most tin compounds in the case of biomedical applications, although Sn(Oct)2 has been 
accepted as a food additive by the U.S. FDA. The coordination/insertion mechanism of 
Sn(Oct)2-catalyzed ROP is shown in Scheme 1.3.  
 
1.1.2 Stereocomplex 
When the interaction between polymers of different tacticities or configurations prevails 
over that one between polymers of the same tacticity or configuration, a stereoselective 
association takes place between the former polymer pair. Such association is described as 
stereocomplexation or stereocomplex formation.2 Stereocomplexation was first reported by 
Pauling and Corey 35 in 1953, which occurs between R- and S-configured (or L- and 
D-configured) polypeptide chains. A well-known and typical example of stereocomplexation 
exists between isotactic and syndiotactic poly (methyl methacrylate) (PMMA) first reported by 
Fox et al. in 1958.36 Later, Ikada et al.37 reported stereocomplexation between enantiomeric 
PLA, i.e., poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA), in 1987. Stereocomplexation 
between PLLA and PDLA can occur in solution, in a solid state from the melt, during 
polymerization, or during hydrolytic degradation, as long as L-lactide (or L-lactyl) unit 
sequences and D-lactide (or D-lactyl) unit sequences coexist in a system.2 Here, lactyl unit 
means a half lactide unit. 
  
1.1.2.1 Intermolecular Interaction in PLA stereocomplex 
PLA has four crystallite polymorphs, i.e., α38-40, β39, 41, γ42, and sc37, 43, 44, wherein α, β and 
γ are homocrystallites formed in individual PLLA or PDLA while sc is 
stereocomplex-crystallite formed between PLLA and PDLA. sc-crystallite has a melting 
temperature about 50 oC higher than homocrystallites. In our previous work45, a systematic 
density functional theory (DFT) investigation on the PLA polymorphs was carried out. The 
calculation results indicate that the sc-polymorph is the most energy-favorable among the four 
PLA polymorphs with a stability order of sc > α > β > γ. Through a quantitative theoretical 
comparison, it was suggested that the huge increase in the melting point of the sc-polymorph 
compared to the other three homocrystallite polymorphs is attributed to the unique 
three-dimensional network of intermolecular non-conventional hydrogen bonding formed in 
the stereocomplex crystallite. 
Due to the biodegradability, compostability, renewability, and nontoxicity to the human 
body and the environment, PLA and its copolymers have been used as biomedical materials for 
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tissue regeneration, matrices for drug delivery systems, and alternatives to commercial 
polymeric materials to reduce the impact on the environment.1, 3, 6, 46 The peculiarly strong 
interaction between L-lactyl unit sequences and D-lactyl unit sequences in PLA stereocomplex 
is expected to improve a variety of properties of PLA-based materials and open novel methods 
to prepare such materials. 
 
1.1.2.2 Methods to Characterize Stereocomplex Formation 
Numerous methods have been reported for tracing PLA stereocomplexation. This section 
will describe three representative tracing methods which are useful in PLA stereocomplex 
related research. 
1.1.2.2.1 Differential Scanning Calorimetry (DSC) 
DSC is one of the most effective and simple methods for monitoring PLA 
stereocomplexation. An increase in melting temperature upon stereocomplexation was reported 
by Tsuji et al.47 by using DSC. The specimens were prepared by precipitation of a methylene 
chloride mixed solution of PLLA and PDLA into stirred methanol. In DSC thermograms of the 
as-prepared samples, the endothermic peak at around 180 oC is ascribed to the melting of 
PLLA or PDLA α-homocrystallites, while a new endothermic peak at around 230 oC appears in 
the PLLA/PDLA blend specimens, which is attributed to the melting of stereocomplex 
crystallites.  
1.1.2.2.2 Wide Angle X-ray Scattering (WAXS) 
In the first report on PLA stereocomplexation, the WAXS profiles of blends having different 
PDLA percentages are given.37 The main peaks of the PDLA film appear at 2θ of 15o, 17o, and 
19o, which are comparable with the results of α form PLLA crystallized in a 
pseudoorthorhombic unit cell of dimensions: a=1.07 nm, b=0.595 nm, and c=2.78 nm, 
containing two 103 helices.3, 43 The most intense peaks of equimolarly blended film are 
observed at 2θ of 12o, 21o, and 24o. These peaks come from PLA stereocomplex37 crystallized 
in a triclinic unit cell of dimensions: a=0.916 nm, b=0.916 nm, c=0.870 nm, α=109.2o, 
β=109.2o, and γ=109.8o, in which L-lactide and D-lactide segments are packed parallelly 
taking a 31 helical conformation.43 
1.1.2.2.3 Fourier-Transform Infrared Spectroscopy (FT-IR) 
There are three IR absorption peaks of bonding vibrations related to the PLA sc-crystallite 
phase: (1) the down shift of ν(C-CH3) group from 1044 to 1039 cm-1 in PLLA/PDLA blends 
can be assigned to the formation of sc-crystallites.48, 49 (2) For homocrystallite sample, the 
band at 921 cm-1 can be assigned to coupling of C-C backbone stretching with the C-H3 
rocking mode and is sensitive to the 103 helical chain conformation of α or α’-form 




1.1.3 PLA Mechanical and Crystallization Properties 
1.1.3.1 Mechanical Properties 
The mechanical properties are crucial when PLA and its copolymers are utilized as bulk 
materials. Such properties may be controlled by varying the material parameters such as 
molecular characteristics and highly ordered structures.3 The mechanical properties of PLLA 
and PLA stereocomplex are listed in Table 1.1. 
Table 1.1. Mechanical properties of PLLA and PLA stereocomplex oriented fibers.3 
 PLLA PLA stereocomplex 
Young’s modulus (E, GPa) 7-10 8.6 
Tensile strength (σB, GPa) 0.12-2.3 0.88 
Elongation at break (ɛB, %) 12-26 30 
  
1.1.3.1.1 Effect of Molecular Characteristics 
Molecular weight is an important parameter to determine mechanical properties as given by 
the following equation: 
            (1.1) 
where P is the physical property of a polymeric material, P0 is the polymer physical property 
with infinite Mn, and K is a constant.3 It is revealed that as-cast PLLA films have non-zero 
tensile strength (σB) below 1/Mn of 2.5×10−5 or above Mn of 4.0×104, and σB increases with Mn 
according to Equation 1.1.53 Eling et al.41 showed a similar σB dependence in PLLA fibers on 
Mv.  
The polymer chain architecture may also influence the mechanical properties. The σB and 
Young's modulus (E) of fibers from lactide copolymers, poly(LLA-CL) and poly(LLA-DLA), 
are smaller than that from a homopolymer, PLLA, while elongation-at-break (ɛB) of 
poly(LLA-DLA) fiber becomes higher than that of PLLA fiber when they are melt-spun and 
thermally drawn.54 On the other hand, Grijpma et al.55 showed that crosslinking can increase 
the impact strength of PLLA. 
1.1.3.1.2 Effect of Highly Ordered Structures 
The mechanical properties of PLLA vary depending on their highly ordered structure such 
as crystallinity (xc) and crystalline thickness (Lc).56 An increase in xc increases the σB and E of 
PLLA, but decreases the ɛB. The decrease in σB of PLLA films prepared at high crystallization 
temperatures may be due to the formation of large-sized spherulites and crystallites (large Lc), 
in spite of their high xc. Similar to other polymers, σB and E of PLLA fibers increase, while 
ɛB decreases with increasing degree of molecular orientation.41, 57-60 Leenslag and Pennings61 
produced the PLLA fiber having σB=2.1 GPa and E=16 GPa by hot-drawing of a dry-spun fiber. 
Okuzaki et al.62 prepared the PLLA fiber with σB=275 MPa and E=9.1 GPa using a 
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zone-drawing method from a low-molecular-weight PLLA (Mv=13,100). These results prove 
that molecular orientation, as well as molecular weight, has a major influence on the 
mechanical properties of PLLA. 
1.1.3.1.3 Effect of Stereocomplexation 
The stereocomplexation between PLLA and PDLA is reported to enhance the tensile 
properties of the blend films compared with those of the individual PLLA or PDLA film.63 The 
microstructure formed by gelation and the inhibited growth of the spherulites may enhance the 
tensile properties of the blend film. The increased tensile properties in the stereocomplex films 
may be also caused by dense chain packing in the amorphous region due to a strong interaction 
between L- and D-unit sequences.45 
 
1.1.3.2 Crystallization Properties 
Pure PLLA or PDLA has an equilibrium crystalline melting temperature of 207 oC64-67 but 
normal practical melting points are in the range of 170 -180 oC. This is due to small and 
imperfect crystallites, slight racemization, and impurities. PLA is a slow crystallizing material 
with the fastest rates of crystallization for pure polymer in the temperature range of 110 
-130 °C yielding spherulitic crystalline morphology.56, 68-70 Kolstad68 has studied the 
crystallization kinetics of poly(L-co-meso-lactide) and found that the crystallization half time 
increases approximately 40 % for every 1 wt % increase in the meso-lactide. It is also found 
that the addition of 6 wt % talc as a nucleating agent will increase the nucleation density and 
greatly reduce the crystallization half times. The addition of talc will reduce the 110 °C half 




The two different methods of manufacturing high-molecular-weight PLA lead to a wide 
variety of copolymers for improving or changing the final properties. Direct condensation 
facilitates the use of any hydroxyl acid, diol, or diacid to form random copolymers.6 However, 
few examples of copolymers with lactic acid have been reported. On the other hand, the use of 
ring opening polymerization leads to the formation of random or block copolymers with wide 
mechanical properties. The size and chemistry of the ring monomers which can be 
ring-opening-polymerized with lactide is largely dependent on their mode of propagation, 
reactivity, and initiation. Lactide has been copolymerized with lactones, carbonates, 
morpholinediones, and epoxides under many different catalysts to yield polymers ranging from 
brittle to elastomeric and from crystalline to amorphous.71-77 Shown in Figure 1.1 are some of 




Figure 1.1. Examples of monomers that have been used to copolymerize with lactide. 
 
Comonomers which impart lower glass transition temperatures and flexibility have been 
increasingly investigated in order to improve the low temperature properties and ductility of 
PLA. This is driven mainly by the need for biocompatible ingredients which would improve 
the properties of implantable medical devices and drug delivery systems.6 For example, 
copolymers of glycolide and lactide have been commercially applied as biocompatible surgical 
sutures due to their increased hydrophilicity and slight increase in flexibility. The high melting 
point of 228 °C and a Tg of 37 °C for polyglycolic acid lead to a range of amorphous polymers 
with lower Tg, and due to the increased water uptake, higher hydrolysis rates are achieved 
compared with pure crystalline PLLA.78 Glycolide can be copolymerized in the melt using the 
same catalysts as lactide. Nevertheless, it is approximately 15 times more reactive than lactide 
when polymerized at 170-200 °C using tin catalysts with r1 values of 0.2-0.35 and r2 values of 
2.7 -2.8 (M1=lactide), which leads to a certain degree of blockiness for both monomers.79-81  
Copolymers with ε-caprolactone yield tough polymers with properties ranging from rigid 
plastics to elastomeric rubbers,82, 83 where the tensile strengths range from 0.6 to 48 MPa and 
elongations at break are over 400%84. Lactide has larger reactivity than ε-caprolactone, leading 
to copolymers with blocky sequences where the length is dependent on the starting monomer 
composition, catalyst85 and polymerization temperature. Example reactivity ratios for a 1:1 
initial monomer ratio polymerized under Sn(Oct)2 at 80 °C are r1=57.1 and r2=0.39 
(M1=lactide)86 while at 130 oC r1=34.7 and r2=0.2474. Others have reported closer reactivities 
with r1= 7.43 and r2=0.18 at 140°C where initially there were more ε-caprolactone.87 Poly 
(ε-caprolactone) (PCL) has a Tg of -60 °C with a melting point of 59-60 °C. When 
ε-caprolactone monomer is combined with pure L-lactide, a copolymer will be produced with 
flexibility and high crystalline melting points from the L-PLA blocks. These blocks must be 
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large enough to allow rapid crystallization in order to have a rigid polymer with good low 
temperature properties.6 Grijpma78 has polymerized a 1:1 monomer molar ratio at 80 °C to 
yield an average lactide sequence length of 11.0 which crystallized at room temperature very 
quickly. In contrast, a similar polymer with an average block length of 8.5 exhibited 
crystallinity only after weeks of annealing at room temperature. The polymer with a longer 
average block length had a Tg of -39 °C, both PCL and PLA sequence melting points, a tensile 
strength of 18.2 MPa, and elongation to break of 480%. Later, Kricheldorf et al.88, 89 presented 
a systematic study on the chain structure of the poly (caprolactone-co-lactide) copolymer 
synthesized with varied monomer ratios, polymerization temperatures, polymerization times 
and catalysts.  
 
1.2 Polymeric Nanocomposites 
1.2.1 Concepts and Background 
Organic or inorganic filler has been widely used in polymeric systems. Polymer composites 
are manufactured commercially for diverse applications such as sporting goods, aerospace 
components, automobiles, etc. In the past 20 years, there have been strong emerging efforts on 
the development of polymeric nanocomposites, where at least one of the dimensions of the 
filler material is of the order of a nanometer.90 The final nanocomposite product is not 
necessarily in nanoscale, but can be micro- or macroscopic in size. Nature has mastered the use 
of nanocomposites, and researchers are always learning from their natural surroundings.91 By 
using natural reagents and polymers such as carbohydrates, lipids, and proteins, nature makes 
strong composites such as bones, shells, and wood. These are excellent examples of 
nanocomposites, fabricated by mixing two or more phases such as particles, fibers or layers, 
where at least one of the phases is in the nanometer size range.  
With the advent of scanning tunneling microscopy and scanning probe microscopy in the 
early 1980s,92-94 the surge in nanotechnology has been greatly facilitated. By utilizing these 
powerful tools, scientists are able to observe the nature of the surface structure under atomic 
resolution. Simultaneously, the rapid development of computer technology has made it easier 
to characterize and predict the properties at the nanoscale via modeling and simulation.95 
Polymer-based materials are by far the most commercialized class of nanocomposites and 
global revenues were approximately US$223 million in 2009.96 One of the first commercial 
applications was by Toyota, who used a nanoclay/nylon-6 polymer nanocomposite in an 
engine component.97 In the late 1980s, Toyota Central Research Labs collaborated with Ube 
Industries, a Japanese resin supplier, to produce a new composite polymer consisting of 
nylon-6 interspersed with layers of montmorillonite, a naturally occurring silicate clay. The 
clay greatly improved the mechanical and thermal properties of the nylon and Toyota 
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subsequently used the material for a timing belt cover, capitalizing on its enhanced heat 
resistance and dimensional stability. Since then, several vehicle manufacturers have employed 
clay/polymer nanocomposites in components such as rocker-box covers, body panels and 
bumpers.96  
 
1.2.2 Varieties of Nanofillers Used in Polymeric Nanocomposites 
Typical nanofillers currently under investigation include nanoparticles, nanotubes, 
nanofibers, fullerenes, nanowires and nanolayers. In general, these fillers are classified by their 
geometries98 into three classes, i.e., particulate, layered, and fibrous98, 99.  
 
1.2.2.1 Particulate Nanofillers 
Particulate nanofillers, or nanoparticles, are often defined as particles of less than 100nm in 
diameter100 and could impart composite materials improved properties101. Different 
nanoparticles that have been used to prepare polymer/inorganic particle nanocomposites 
include: (1) Metal (Al, Fe, Au, Ag, etc.); (2) Metal oxide (ZnO, Al2O3, CaCO3, TiO2, etc.); (3) 
Nonmetal oxide (SiO2, polyhedral oligomeric silsesquioxane (POSS), etc.); (4) Other (SiC).90 
Polymer/inorganic particle nanocomposites have shown significant improvements in 
mechanical, thermal and electrical properties. For example, in nylon-6 filled with 5 wt% of 50 
nm silica nanoparticles, there were increases in tensile strength by 15%, strain-to-failure by 
150%, Young’s modulus by 23%, and impact strength by 78%.102 Ma et al.103 fabricated a 
polyethylene/TiO2 nanocomposite which showed improved electrical properties. Zhang et 
al.104 prepared polypropylene-POSS nanocomposites using a C2 symmetric ansa-metallocene 
catalyst in conjunction with a modified MAO. The incorporation of inorganic POSS made the 
organic PP matrix more thermally robust, which is indicated by improved thermal stabilities 
with higher degradation temperature and char yields for the PP/POSS copolymer. Chisholm et 
al.105 compared the size effect of SiC in an epoxy matrix system, where at an equal amount of 
loading nanoparticles bring superior thermal and mechanical properties to epoxy than 
microparticles.  
 
1.2.2.2 Layered Nanofillers 
Two types of layered nanofillers are commonly used to reinforce polymer matrices, i.e., clay 
and graphite. The clay mineral is usually of a layered type and a fraction of hydrous, 
magnesium, or aluminum silicates.106 Every clay mineral contains two types of sheets, 
tetrahedral (T) and octahedral (O).106 Hectorite, saponite, and montmorillonite are the most 
commonly used smectite type (one O sheet is sandwiched between two T sheets) layered 
silicates for the preparation of nanocomposites. Among them, montmorillonite (MMT) has the 
widest application in polymers because of their high surface area, and surface reactivity. It is a 
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hydrous aluminosilicate clay mineral with aluminum octahedron sandwiched between two 
layers of silicon tetrahedron. Each layered sheet is approximately 1nm thick, and the lateral 
dimensions of the layers may vary from 30nm to several microns or larger. The aspect ratio of 
1000 is possible when a clay platelet is well-dispersed into the polymeric matrix without 
breaking. Practically, breaking of clay platelets during mixing process results in an aspect ratio 
of 30-300.107 
In the early 1990s, Toyota researchers reported nylon-6/clay thermoplastic nanocomposites 
technology,108, 109 where the modulus doubled, and the increase in strength was more than 50% 
at a clay loading of only 4.2wt%. Also improved thermal properties were observed with the 
increase of heat distortion temperature (HDT) by 80 oC compared with the pristine polymer.108 
Yasmin et al.110 prepared clay/epoxy nanocomposites with concentrations of 1-10 wt% of clay 
platelets by shear mixing. It was found that the addition of clay particles improved both the 
elastic modulus and storage modulus of pure epoxy significantly. Agag et al.111 reported 
polyimide/clay hybrids by blending poly (amide acid) and organically modified 
montmorillonite (OMMT). After annealing, polyimide/clay hybrids with 2 wt% OMMT 
indicated increased tensile modulus for BPDA/PDA polyimide up to 12.1 GPa, 42% higher 
than the pristine BPDA/PDA polyimide. Moreover, the thermal expansion coefficient of the 
BPDA/PDA polyimide film was decreased by the inclusion of clay. 
Exfoliated graphite or graphene is a single layer of carbon atoms in a closely packed 
honeycomb two-dimensional lattice that has attracted tremendous attention from both 
experimental and theoretical scientific communities.112-114 However, the intrinsic π-π stacking 
interaction between graphene layers easily results in agglomeration and the interaction 
between the graphene sheet and polymer matrix is dominated by van der Waals interaction115. 
On the other hand, graphene oxide (GO), a surface modified version of graphene with 
functional groups, e.g. -OH, -O- on the basal planes and -COOH at the edges116, could achieve 
a much enhanced dispersion in polar matrices. Graphene or GO has a similar geometry 
(layered structure) to nanoclay therefore the clay polymer reinforcement concept is also 
applicable.117 Wang et al.118 fabricated a polyimide/graphene oxide (PI/GO) nanocomposites 
through in situ polymerization. The Young’s modulus of the integrated PI/GO nanocomposite 
films with 3.0 wt% ODA-modified-GO is 15 times greater, and the tensile strength is 9 times 
greater than comparable properties of pure PI films. Zhen et al.119 reported in situ polymerized 
graphene-reinforced nylon-6 composites and found that the tensile strength increased by 2.1 
folds and Young’s modulus increased by 2.4 folds with the graphene loading of 0.1 wt % only. 
 
1.2.2.3 Fibrous Nanofillers 
Nanofibers and carbon nanotubes are examples of fibrous nanofillers.98 Vapor grown carbon 
nanofibers have been used to reinforce a variety of polymers, including polypropylene120, 
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polycarbonate121, nylon122, poly(ethylene terephthalate)123, 124, poly(phenylene sulfide)125, 
acrylonitrile-butadiene-styrene126, and epoxy127. Carbon nanofibers typically have diameters on 
the order of 50–200 nm. Ma et al.124 utilized a variety of techniques to achieve dispersion of 
carbon nanofibers in a poly(ethylene terephthalate) (PET) matrix and subsequently meltspun 
fibers. The compressive strength and torsional moduli of the nanocomposite fibers were 
considerably higher than that for the unreinforced PET fiber. 
  Carbon nanotubes (CNTs), since the discovery of them in 1991 by Iijima128, have received 
much attention in many potential applications. CNTs may be classified as single-walled carbon 
nanotubes (SWNTs)129, double-walled carbon nanotubes (DWNTs)130 or multi-walled carbon 
nanotubes (MWNTs)128. SWNT and DWNT include cylinders of one and two (concentric) 
graphene sheets respectively, whereas MWNT consists of several concentric cylindrical shells 
of graphene sheets. CNTs exhibit excellent mechanical, electrical, thermal and magnetic 
properties.131 The exact magnitude of these properties depends on the diameter and chirality of 
the nanotubes and whether they are single-walled, double-walled or multi-walled. Because of 
the excellent properties, CNTs can be used as ideal reinforcing agents for high performance 
polymeric nanocomposites. Ajayan et al.132  reported the first polymer nanocomposites using 
CNTs as fillers. The number of articles and patents in polymer composites containing CNTs is 
increasing every year.133 The properties of polymer nanocomposites that can be improved due 
to presence of CNTs include tensile strength, tensile modulus, toughness, glass transition 
temperature, thermal conductivity, electrical conductivity, solvent resistance, optical properties, 
etc.123, 132-137 
 
1.2.3 PLA Nanocomposites 
As discussed in Section 1.1, PLA is biodegradable and renewable polymer. In addition, PLA 
exhibits desirable Young’s modulus and tensile strength.138 Compared with commodity 
polymers such as PE, PP, PS and PET,139 the mechanical properties of semi-crystalline PLA are 
attractive, particularly its Young’s modulus, making it an excellent substitute for commodity 
polymers in short-time packaging. However, PLA is a brittle material with low impact strength 
and elongation at break, which is one of the main limitations against the sustainable 
development of PLA.140 Besides, another main issue about PLA is its low crystallization ability 
and degree, significantly limiting its industrial implementation in different applications, 
particularly in durable applications like automotive and electronics.141  
Polymeric nanocomposite fabrication is a promising solution to these issues of PLA. Various 
nanofillers, including graphene/graphene oxide142, 143, clay144-147, POSS148, 149, silica particles150, 
carbon nanofibers151 and carbon nanotubes143, 152, 153, have been incorporated to modify the 
properties of PLA. Kim et al.142 have prepared a series of polylactide/exfoliated graphite 
(PLA/EG) nanocomposites by melt-compounding. The PLA/EG nanocomposites exhibited 
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substantial enhancements in thermal degradation temperatures and Young's moduli with the 
increment of EG content up to ∼3 wt %. The percolation threshold for electrical conduction of 
PLA/EG nanocomposites was found to be at 3-5 wt % EG. In the study of Wu et al.,153 
polylactide/multi-walled carbon nanotubes (PLA/MWNTs) hybrids were prepared by melt 
blending. Acrylic acid grafted polylactide (PLA-g-AA) and the multihydroxyl-functionalized 
MWNTs (MWNTs-OH) were used, which results in the formation of ester groups between 
PLA-g-AA and MWNTs-OH. The strong interaction contributes to the dramatic enhancement 
in thermal and mechanical properties of PLA, including a 77 °C increase in initial 
decomposition temperature and a 30% increase in tensile strength with the addition of only 1 
wt% MWNTs-OH. In terms of crystallization behaviors, both carbon nanotubes and graphene 
were proved to effectively enhance the crystallization of PLA, although carbon nanotubes were 
found to have better inducing effects on crystallization than graphene.143 Yan et al.150 
fabricated a PLA/silica nanocomposite through sol-gel process. It is shown that PLA 
crystallization was partly confined by silica network. The presence of even small amount of 
silica largely improves the tensile strength of PLA. The thermal stability of PLA is also 
improved with silica loadings. In the work of Teng et al.,151 vapor-grown carbon nanofibers 
(VGCF) were grafted with PLA, which was later blended with commercial PLA by melt 
compounding. The resulting PLA-g-VGCF/PLA nanocomposites exhibited remarkable 
improvements in mechanical and thermal properties. The combination of PLA and POSS 
showed apparently improved storage modulus with respect to neat PLA.149 Moreover, the 
overall crystallization rates were faster in the PLA/POSS nanocomposites than in neat PLA 
and increase with POSS loadings. Suprakas et al.144 modified montmorillonite clay with 
trimethyl octadecylammonium cation and incorporated it into PLA. The PLA/clay 
nanocomposites exhibited superior improvement of practical materials properties such as 
storage modulus, flexural modulus, flexural strength, heat distortion temperature, and gas 
barrier property as compared to that of neat PLA. The rate of biodegradation of PLA was 
significantly increased after nanocomposites preparation. 
 
1.2.4 Basic Designing Considerations of Polymeric Nanocomposites 
There are two crucial factors in determining the final properties of nanocomposites, i.e., the 
dispersion of the nanofillers and interaction at the matrix-filler interface.  
 
1.2.4.1 Dispersion of Nanofillers 
The transition from microfillers to nanofillers yields dramatic changes in physical properties. 
Nanoscale materials have a large surface area for a given volume.154 Since many important 
chemical and physical interactions are governed by surfaces and surface properties,95 a 
nanostructured material can have substantially different properties from a larger-dimensional 
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material of the same composition. Good dispersion of nanofillers in the matrix is essential to 
unfold the superior properties of these nanofillers. 
 
Figure 1.2. Morphologies of polymer/clay nanocomposites: (a) conventional miscible, (b) 
partially intercalated and exfoliated, (c) fully intercalated and dispersed and (d) fully exfoliated 
and dispersed.154 
 
In general, nanofillers provide reinforcing efficiency because of their high aspect ratios.154 
The properties of a nanocomposite are greatly influenced by the size scale of its component 
phases and the degree of mixing between the two phases. For example, Figure 1.2 represents 
the four types of polymer/clay composites. When the polymer is unable to intercalate (or 
penetrate) between the clay sheets, a phase-separated composite is obtained (Figure 1.2a), and 
the properties remain in the same range as those of traditional microcomposites.155 In an 
intercalated structure, where a few extended polymer chain can penetrate between the clay 
sheets (Figure 1.2b-c), a well-ordered multilayer morphology results with alternating 
polymeric and inorganic layers. When the silicate layers are completely and uniformly 
dispersed in a continuous polymer matrix (Figure 1.2d), an exfoliated structure is obtained.155 
In each case, the physical properties of the resultant composites are significantly different.156, 
157 The modeling work of Tsai and Sun158 demonstrated that well dispersed platelets in the 
polymer matrix could significantly enhance the load transfer efficiency in these composites.  
Analogously, in fibrous or particle-reinforced polymer nanocomposites, dispersion of the 
nanofillers also plays a crucial role in determining the mechanical properties of the 
nanocomposite. Without proper dispersion, the nanofillers will not offer improved mechanical 
properties over that of conventional composites. On the contrary, poorly dispersed nanofillers 
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may degrade the mechanical properties.159-161 In the work of Young et al.,160 the well-dispersed 
carbon nanotubes may form a more integrated network within epoxy matrix, thus leading to 
much better tensile strength, thermal conductivity, and elongation at break of the epoxy 
nanocomposites than the poorly-dispersed ones. 
 
1.2.4.2 Matrix-Filler Interfacial Interaction 
By optimizing the interfacial interaction between the nanofillers and the matrix, one can 
tailor the properties of the overall nanocomposites.118, 151, 153 In the study of Wu et al.,153 two 
groups of polylactide/multi-walled carbon nanotubes (PLA/MWNTs) hybrids were prepared: 
(1) acrylic acid grafted polylactide (PLA-g-AA) and the multihydroxyl-functionalized 
MWNTs (MWNTs-OH) were used to form ester groups between PLA-g-AA and MWNTs-OH; 
(2) neat PLA and pristine MWNTs were used without esters groups as the strong matrix/filler 
interaction. The PLA-g-AA/MWNTs-OH nanocomposite exhibits a 77 °C increase in initial 
decomposition temperature and a 30% increase in tensile strength at 1 wt% of MWNTs-OH, 
while the PLA/MWNTs sample exhibits only a 28 °C increase in initial decomposition 
temperature and a 5% increase in tensile strength at 1 wt% of MWNTs. Similar effects of 
matrix/filler interaction are also found by Wang, J. Y. and coworkers.118 They used 
ODA-modified GO to covalently graft polyimide (PI) on GO surface to form PI-ODA-GO 
films, which showed modulus and tensile strength almost one order of magnitude higher than 
those of PI/GO films which were fabricated by simple mixing of PI and GO. In addition, it is 
worth mentioning that good matrix-filler interactions improve the filler compatibility with the 
matrix and thus could facilitate filler dispersion,118, 153 which may further enhance the 
properties of polymer in a synergetic way.  
 
1.2.5 Outstanding Issues in Fabrication of PLA-based Nanocomposites 
  According to the above literature review, two outstanding issues in the fabrication of 
PLA-based nanocomposites could be summarized: (1) simple blending of fillers and PLA leads 
to poor filler/matrix interactions, while the formation of covalent bonds between fillers and 
PLA is quite sophisticated and difficult to handle; (2) there is always a conflict between 
strength and toughness in PLA nanocomposites, i.e., the increase of strength represented by 









Chapter 2. Synthesis, Stereocomplex Crystallization and 
Mechanical Properties of Poly (Lactide)-Graphene Oxide 
Nanocomposites 
2.1 Introduction 
Graphene is a one-atom-thick planar sheet of sp2-bonded carbon atoms in a densely packed 
honeycomb crystal lattice162. In recent years, polymer/graphene nanocomposites have attracted 
much attention due to their outstanding electrical, optical, electrochemical, and mechanical 
properties163-165, and one of the prerequisites for achieving the desired reinforcing effect is the 
homogeneous incorporation of graphene sheets in various matrices and a strong 
matrix/graphene interaction. However, the intrinsic π-π stacking interaction between graphene 
layers easily results in agglomeration and the interaction between the graphene sheet and 
polymer matrix is dominated by van der Waals interaction115. On the other hand, graphene 
oxide (GO), a surface modified version of graphene with functional groups, e.g. -OH, -O- on 
the basal plane and -COOH at the edges116, could achieve a much enhanced dispersion in polar 
matrices.  
Graphene and GO have been utilized in PLLA nanocomposites143, 166-169. It is found that 
expanded graphite or graphene oxide can increase the crystallinity of the nanocomposite166, 168. 
In this chapter, a new type of PLA-GO nanocomposite formed through stereocomplexation is 
reported. First, GO was modified by grafting PDLA to form GO-g-PDLA, for which similar 
protocols have been reported.170, 171 Then the resulting GO-g-PDLA was blended with 
commercial PLLA to form PLA-GO nanocomposites. The covalent combination of GO and 
PDLA could be expected as both a promising heterogeneous nucleating agent and a reinforcing 
filler for PLLA-based materials. Furthermore, the formation of stereocomplex between PLLA 
and PDLA on GO could ensure a strong filler-matrix interaction.  
 
2.2 Experimental Section 
2.2.1 Materials and Methods 
Graphene oxide (GO) was prepared from graphite powder through Hummer’s method.165, 172 
PLLA (3051D, Mn=130K) pellets were purchased from Natureworks. Neat linear PDLA 
(Mn=12K) was purchased from Polymer Source. D-lactide was purchased from PURAC 
Biochem. 1, 4-butanediol (BD) (ReagentPlus®, 99%), 4-Dimethylaminopyridine (DMAP) and 
Tin(II)2-ethylhexanoate (95%, Sn(Oct)2) were purchased from Sigma Aldrich. 
N,N'-Dicyclohexylcarbodiimide (DCC) was purchased from Fluka. Other chemicals were used 
as received. 
The dispersion of GO in nanocomposites was investigated on Digital Instruments 
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Multimode atomic force microscope (AFM). Tapping mode was used. AFM sample was 
prepared as follows: dissolve GO-g-PDLA/PLLA mixture in chloroform; cast a drop pf 
solution on a small piece of glass slide to form a thin film. FT-IR spectra were recorded on a 
PerkinElmer spectrum 2000 spectrometer at a resolution of 1 cm-1. 1H NMR spectra were 
recorded on a Bruker Ultrashield 600MHz/54mm NMR spectrometer at room temperature 
using CDCl3 as the solvent. The DSC analysis for all the samples was performed on TA 
Instrument Q100 under N2, following the method: equilibrate at 25oC; ramp 10oC/min to 
250oC; isothermal for 5min; ramp 10oC/min to 25oC; isothermal for 5min; ramp X oC/min to 
250oC (X is 3, 5, 7 and 10). WAXD diffractograms were obtained on a Bruker AXS D8 
Advance thin film XRD instrument operating under a voltage of 40kV and a current of 40mA 
using CuKα radiation (λ=0.15418nm). The dumb-bell-shaped tensile specimens were punched 
with a CEAST hollow die punch (die type: ASTM D638 type V) from the casted 
nanocomposite films. Tensile properties were determined using an Instron 5569 universal 
tensile machine, at a tensile speed of 3.0 mm/min at room temperature. The tensile results were 
averaged from 5 specimens per batch. The sample thickness is around 0.1 mm. The tensile 
facture morphology of the nanocomposites was observed on a field emission scanning electron 
microscope (FESEM) (JEOL JSM 6700F). SEM samples were coated with gold. 
 
2.2.2 Synthesis of GO-g-PDLA 
As the OH groups on GO could not be efficiently used as the initiator in the ring opening 
polymerization of PDLA, more effective OH groups were attached by grafting BD onto COOH 
groups of GO under the catalysis of DCC and DMAP in DMF at room temperature overnight, 
followed by centrifuge wash for 3 times and overnight vacuum drying to obtain GO-BD. 
Recrystallized D-lactide monomer (4g), GO-BD (20mg, as initiators), Sn(Oct)2 (35µL, as 
catalyst) and anhydrous toluene (∼50 mL) were charged into a round bottom flask, and the 
flask was sealed, all done in a glovebox. A homogeneous mixture was obtained by ultrasonic 
for 20min and then stirred at 120 oC for 3 days under reflux using a condenser in N2. At the 
end of the reaction, the flask was cooled down to room temperature. At the flask bottom a 
sticky layer (GO-g-PDLA) was observed, which was separated from the rest of the solution 
and collected by dissolving in chloroform (200 mL), precipitating in excessive hexane (400mL) 
and filtered washing with methanol several times.  
 
2.2.3 Stereocomplex Nanocomposites Preparation 
GO-g-PDLA and commercial PLLA were separately dissolved in chloroform. The resulting 
solutions were mixed together and casted to form nanocomposite films with different 
GO-g-PDLA contents denoted as X%-GO-D, where X stands for the GO-g-PDLA content, i.e. 
20wt%, 10wt% and 5wt%. Control samples denoted as X%-D were prepared accordingly 
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using commercial neat linear PDLA. Neat PLLA films were prepared likewise without adding 
any PDLA species. Cold crystallized samples, including those of the stereocomplex 
nanocomposites and control samples, were obtained using DSC. The solution casting sample 
was sealed in the DSC aluminum pan and underwent the same thermal process as in the DSC 
experiments described above, except that the second heating scan was replaced by a ramp at 
10oC/min to 160oC (a point between cold crystallization and melting ), remaining isothermal 
for 5min and then quenching at 20oC/min to room temperature.  
 
2.3 Results and Discussion 
2.3.1 Synthesis of GO-g-PDLA 
The GO-g-PDLA was synthesized by ring opening polymerization of D-lactide monomers, 
initiated by the grafted OH groups on GO and under the catalysis of Sn(Oct)2 as shown in 
Scheme 2.1. The GO-g-PDLA was later blended with commercial PLLA in chloroform to form 
the stereocomplex nanocomposite (See the Experimental Section). As GO sheets are 
covalently bonded to PDLA chains, the possibility of GO agglomeration is very low, and a 
good GO dispersion has been achieved as shown in Figure 2.1.  
  
Scheme 2.1. The synthesis of GO-graft-PDLA. 
 
Figure 2.1. AFM images of a solution casting nanocomposite film with 30wt% of PLLA and 




Figure 2.2. (a) FT-IR spectra of neat GO and GO-BD in the range of 1600cm-1∼1800cm-1. (b) 
1H NMR spectrum of GO-g-PDLA. (c) FT-IR spectra of stereocomplex nanocomposites of 
PLLA with GO-g-PDLA in the range of 850cm-1∼1000cm-1. 
 
FT-IR spectra confirmed the successful modification of GO as shown in Figure 2.2a. The IR 
absorption at 1729 cm-1 for GO-graft-1, 4-butanediol (GO-BD) is assigned to the C=O 
stretching vibration of ester groups between GO and BD. 1H NMR spectrum was used to 
measure the molecular weight of GO-g-PDLA as shown in Figure 2.2b. The peaks labeled as 
“A” at around 5.16 ppm are ascribed to methine protons -CH-, while “a” at around 4.35 ppm 
corresponds to the methine group -CH- located at the end of PDLA chain which is adjacent to 
the terminal hydroxyl groups171. According to the 1H NMR spectrum, by using the intensity 
ratio of “A” and “a”, the number average molecular weight (Mn) of the PDLA chains grafted 
on GO is calculated to be 9360 g/mol. As a comparison, the neat linear PDLA used for the 
control samples has a similar Mn, i.e. 12000.  
 
2.3.2 Formation of Stereocomplex 
To study the formation of sc-crystallites in the resulting nanocomposite films, FT-IR spectra 
were employed, as shown in Figure 2.2c. The IR absorptions at 921cm-1 and 908cm-1 are 
ascribed to the homocrystallites and sc-crystallites, respectively173. With increasing 
GO-g-PDLA contents, the 921cm-1 band (PLLA) is gradually weakened while the 908cm-1 
band (20%-GO-D) becomes predominant, which provides clear evidence of sc-crystallites 




Figure 2.3. DSC thermograms of PLLA, the stereocomplex nanocomposites and the control 
samples: (a) 1st heating and cooling scans (all at 10oC/min) of the solution casting samples. (b) 
The heating scans (PLLA at 10oC/min, and A: 10oC/min, B: 7oC/min, C: 5oC/min, D: 3oC/min) 
of the melt-cooled samples obtained in (a). 
 
Further confirmation of stereocomplex between PLLA matrix and GO-g-PDLA comes from 
DSC study as shown in Figure 2.3a, in which PLLA exhibits only one melting peak at around 
150oC at 1st heating scan, corresponding to the homocrystallites, while the stereocomplex 
nanocomposites show an additional melting peak at around 210oC at 1st heating scan, 
indicating the formation of sc-crystallites for solution casting GO-g-PDLA/PLLA 
nanocomposites. DSC thermograms of the control samples consisting of stereocomplex of neat 
linear PDLA and PLLA were also shown in Figure 2.3a as a comparison, where we could also 
see the existence of a melting peak at around 210oC.  
 
2.3.3 Crystallization Behaviors of the Stereocomplex Nanocomposites 
Using the peak temperatures of cold crystallization at different heating rates as shown in 
Figure 2.3b, the crystallization activation energy Eav for the stereocomplex nanocomposites 
with different GO-g-PDLA loadings and the corresponding control samples (linear PDLA 
blended with PLLA) could be calculated as tabulated in Table 2.1. It is found that with an 
increase of GO concentration, the activation energy, Eav, for the stereocomplex 
nanocomposites was first reduced from 22.8 Kcal/mol for 5wt% of GO-g-PDLA/PLLA to 
16.9Kcal/mol for 10wt% of GO-g-PDLA/PLLA, and then increased to 25.6Kcal/mol for 
20wt% of GO-g-PDLA/PLLA. It is estimated that the effective GO concentration for the 
20wt% GO-g-PDLA /PLLA system is about 0.1 wt%. The reduction of activation energy could 
be attributed to heterogeneous nucleating effect of the well dispersed covalently-bonded GO 
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sheets. The latter increase of activation energy could be associated with the confinement of 
polymer chains when the GO concentration is too high, as the two dimensional GO “divides” 
PLLA matrix into many different small “compartments”, which reduces the transportation 
ability of polymer chains.  
 
Table 2.1. DSC and WAXD characterization data of PLLA, the stereocomplex nanocomposites 
and the control samples. 








crystallized total scc 
5%-D 24.2 39.74±2.38 13.76 8.03±0.61 0.53 
5%-GO-D 22.8 50.38±4.70 20.39 7.63±0.79 0.68 
10%-D 32.0 51.39±2.62 21.33 15.71±0.68 0.71 
10%-GO-D 16.9 57.17±2.24 30.58 11.85±0.95 1.15 
20%-D 38.9 60.64±2.35 20.75 33.12±0.41 0.52 
20%-GO-D 25.6 68.88±2.65 50.71 7.66±0.99 2.79 
PLLA - 41.38±2.00  - - 
aEav is calculated using the DSC heating scans in Figure 2.3b according to Kissinger’s 
method, i.e. , where  is the heating rate in , Tp is 
the maximum temperature of the cold crystallization peak in K, and R is the gas constant in 
 
bThe crystallinity is calculated by crystallinity=Ac/(Ac+Aa), where Ac and Aa are the areas of 
crystal peaks and amorphous peaks, respectively, in the WAXD diffractograms. 
cThis crystallinity is for the sc-crystallite component, which is calculated from the total 
crystallinity and sc/α ratio. 
dThis ratio is the area ratio of sc peaks (11.9o, 20.7o and 23.9o) and α peaks (14.7o, 16.6o, 
19.1o and 22.2o). 
 
Compared with the control samples in which the stereocomplex is formed between neat 
linear PDLA and PLLA without GO, the corresponding GO-g-PDLA/PLLA stereocomplex 
nanocomposites have substantially lowered Eav, especially at high loadings of GO-g-PDLA 
(10wt% and 20wt%). This further confirms the conspicuous heterogeneous nucleating effect of 
the well dispersed covalently-bonded GO sheets. As for PLLA, there is no crystal formation on 
the 1st DSC cooling curve neither on the 2nd DSC heating curve, indicating the slow 
crystallization behavior of the polymers. This, on the other hand, demonstrates the usefulness 
of exploiting stereocomplexation to enhance the crystallinity and hence the thermal mechanical 




Figure 2.4. WAXD diffractograms of (a) the solution casting samples and (b) the cold 
crystallized samples. 
 
The effect of GO and stereocomplexation on the crystallization of PLA was further 
investigated by wide angle X-ray diffraction (WAXD). For the as-prepared solution casting 
samples as shown in Figure 2.4a, PLLA exhibits diffraction peaks at 2θ=14.7o, 16.6o, 19.1o and 
22.2o, corresponding to the α-form homocrystallites174, while the stereocomplex 
nanocomposites and control samples exhibit additional peaks at 2θ=11.9o, 20.7o and 23.9o, 
corresponding to the sc-crystallites175. It is shown that all the GO-g-PDLA /PLLA 
nanocomposites have higher crystallinity than their corresponding control counterparts (Table 
2.1). Moreover, the fraction of sc-crystallites in the solution casting samples is also greatly 
enhanced by GO sheets incorporation and increases with GO contents. These improvements 
are quite significant considering that only a small amount of GO (the GO concentration in 
20wt% GO-g-PDLA/PLLA is ~0.1wt%) exists in the nanocomposites. 
It is worth mentioning however that the crystallization behavior of stereocomplex 
nanocomposites in condense states (melt or solid) is quite different from that in solution 
casting processes. Looking at 1st DSC cooling scans in Figure 2.3a, we can see that there is a 
crystallization exothermal peak for the control samples yet almost no crystallization happens 
during the cooling process for the stereocomplex nanocomposites. In the 2nd DSC heating 
scans as shown in Figure 2.3b, cold crystallization takes place at a higher temperature for the 
stereocomplex nanocomposites compared to the corresponding control samples. In addition, 
the cold crystallization and melting peaks of the stereocomplex nanocomposites are broader 
than the corresponding control samples. These phenomena demonstrate that GO sheets impair 
the crystallization of stereocomplex nanocomposites in condense states. Furthermore, WAXD 
diffractograms of the cold crystallized samples only exhibit characteristic peaks of 
sc-crystallites as shown in Figure 2.4b. During cold crystallization, the stereocomplex 
nanocomposites have lower crystallinities than the control samples (Table 2.1), which further 
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confirms GO’s impairing role in the solid-state crystallization. 
 
2.3.4 Mechanisms behind the Crystallization Behaviors 
To understand the effect of GO on crystallization behavior of the stereocomplex 
nanocomposites, two key mechanisms need to be taken into consideration. The first is the 
activation energy for crystallization. GO can act as efficient heterogeneous nucleating sites and 
therefore lower the crystallization activation energy, as shown by DSC study. The second is 
that when GO’s concentration is sufficiently high, it can inversely act as blocking sites, which 
hinders the growth of polymer crystallites due to limited polymer chain mobility.  
In the solution casting process, as the solution is quite dilute, polymer chain mobility is high, 
which offers a relatively favorable environment for the growth of polymer crystallites. In this 
case, the lowered Eav resulting from GO’s heterogeneous nucleating effect contributes 
predominantly, thus improving the crystallinity of stereocomplex nanocomposites and 
enhancing the fraction of sc-crystallites.  
In condense states, the homogenous and dense distribution of 2-dimensional GO sheets in 
PLA matrix may result in lower polymer chain mobility. Although Eav is lower in the 
stereocomplex nanocomposites and more crystallization processes may be initiated on GO 
substrates, the growth of polymer crystallites are hindered by neighboring GO sheets or 
crystallites, which hence leads to a low crystallinity. The “confinement” effect is also 
confirmed in DSC studies in Figure 2.3b, where the melting temperatures of the cold 
crystallized stereocomplex nanocomposite samples are lower than the corresponding control 
counterparts, indicating smaller crystalline sizes possibly resulting from the “confinement” 
effect and low polymer chain mobility.  
 
Table 2.2. Tensile mechanical properties of the PLLA/GO-g-PDLA stereocomplex 
nanocomposites. 




Elongation at break 
(%) 
PLLA 3.4±0.2 44.6±4.4 4.1±0.9 
5%-GO-D 4.1±0.1 66.5±3.8 1.8±0.1 
10%-GO-D 4.1±0.1 65.4±8.3 1.5±0.2 







Figure 2.5. Stress-strain curves of PLLA and PLLA/GO-g-PDLA nanocomposites. 
 
2.3.5 Mechanical Properties of the Stereocomplex Nanocomposites 
The effects of GO-g-PDLA on the tensile mechanical properties of commercial PLLA are 
shown in Table 2.2 and Figure 2.5. It can be seen that Young’s modulus and tensile strength are 
substantially increased by the incorporation of GO-g-PDLA. The significant reinforcement 
may arise from the strong stereocomplex matrix/filler interactions and good GO dispersion. On 
the other hand, the nanocomposites become quite brittle with impaired elongation at break. 
The tensile facture surface of the nanocomposites is investigated by SEM as shown in Figure 
2.6. We can see that the facture surface is quite smooth, indicating a brittle facture during 
tensile tests. 
 
Figure 2.6. SEM image of the facture surface of (a) 10%-GO-D and (b) 10%-D. 
 
2.4 Summaries 
To summarize, PLA-GO nanocomposites were successfully prepared by blending of 
commercial PLLA with GO-g-PDLA, where GO-g-PDLA was synthesized via ring opening 
polymerization using modified GO as an initiator. The formation of stereocomplex between 
GO-g-PDLA and PLLA matrix was evident by FT-IR, DSC and WAXS study. For the solution 
casting samples, the incorporation of GO nanofillers leads to a lower crystallization activation 
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energy, an enhanced crystallinity and a higher fraction of sc-crystallites compared with neat 
linear PDLA/PLLA stereocomplex system. This could be attributed to the heterogeneous 
nucleating effect of GO. On the other hand in condense states, although GO could lower the 
activation energy of sc-crystallization, the confinement effect of 2-dimensional GO and the 
resulting low polymer chain mobility lead to lower crystallinity and smaller crystalline sizes 
observed in the stereocomplex nanocomposites. The addition of GO-g-PDLA into PLLA 
substantially enhances the modulus and tensile strength of the PLA materials. The results can 
be one of the guidelines for the preparation of PLA-based nanocomposites in the future.
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Chapter 3. Poly (lactide)-Clay Nanocomposites Derived from 
Clay-graft-Poly (D-lactide) blended with Poly (L-lactide): 
Synthesis, Stereocomplex Crystallization and Mechanical 
Properties 
3.1 Introduction 
Clays are naturally occurring two-dimensional nanofillers consisting primarily of 
fine-grained minerals. Nanoclays or nanolayered silicates such as hectorite, saponite, and 
montmorillonite are promising filler materials with high aspect ratio and surface area,176 which 
can endow polymer/clay nanocomposites with remarkable improvements in mechanical, 
thermal, flame-retardant, and barrier properties at low filler loadings.177, 178 Clay has been 
utilized in PLA nanocomposites,147, 179-185 where it is found that the incorporation of clay can 
increase the crystallinity and thermal stability of the materials.181, 182  
Here in this chapter, the synthesis of a new type of PLA-clay nanocomposite formed 
through stereocomplexation is reported and the effect of morphology on its crystallization 
behaviors is investigated. In Chapter 2, there has been analysis on PLA-graphene oxide (GO) 
stereocomplex nanocomposites formed by blending commercial PLLA with GO-g-PDLA, 
where GO is also a 2-D nanofiller. It is found that GO-g-PDLA acted as both heterogeneous 
nucleating agents and reinforcing fillers for PLLA-based materials, and the formation of 
stereocomplex between PLLA and GO-g-PDLA ensured a strong filler-matrix interaction. It is 
therefore anticipated that the ionic/covalent combination of clay and PDLA, i.e. clay-g-PDLA, 
could also serve as a heterogeneous nucleating agent and reinforcing filler for PLLA-based 
materials. However, different from GO-g-PDLA whose PDLA chains are mainly grafted at the 
edges of GO sheets, the clay-g-PDLA synthesized in this chapter has PDLA chains grown on 
the clay basal planes. As a result, the formation of sc-crystallites could only occur in the 
gallery of clay basal planes. Questions may arise as: 1) whether high-molecular-weight PLLA 
could diffuse into the gallery of clay to form stereocomplex crystallites with clay-g-PDLA, and 
2) how such morphologies could affect the crystallization behaviors of the resulting 
nanocomposites. 
 
3.2 Experimental Section 
3.2.1 Materials 
PLLA polymer pellets 3051D (Mn=130K) was purchased from NatureWorks LLC. Neat 
linear PDLA powder (Mn=6K) was purchased from Polymer Source. D-lactide (99.5 %) were 
purchased from Purac Biochem (Gorinchem, Netherlands) and used as received. 
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2-hydroxyethyl acrylate (97%, dried with 4A molecular sieve) from Lancaster and Tin (II) 
2-ethylhexanoate (95%, stannous octoate, Sn(Oct)2) from Sigma-Aldrich were used without 
purification. Cloisite® 30B was supplied by Southern Clay Products (Texas, USA), which is a 
montmorillonite modified with bis-(2-hydroxyethyl) methyl tallow alky ammonium cations. 
The amount of organic material for Cloisite® 30B determined by thermogravimetric analysis 
was about 30 wt%. Toluene was purified by passage through an activated alumina column for 
the removal of protic impurities and through a supported copper catalyst to remove trace 
oxygen with a solvent purification system connected to glove box. Dichloromethane, methanol 
and tetrahydrofuran were of analytical grade or HPLC grade. 
 
3.2.2 Synthesis of clay-g-PDLA 
Cloisite® 30B was dried in vacuum oven at 80 oC overnight before using. Clay-g-PDLA 
containing 7.2 wt% of Cloisite® 30B was prepared by in situ ring opening polymerization 
using Cloisite® 30B as initiators and Tin (II) 2-ethylhexanoate (1 wt% of the total weight of 
lactide and clay) as catalyst. In a 500 ml schlenck flask, D-lactide, the initiator and catalyst 
were added under Ar following a certain ratio. Then dry toluene was added as solvent. The 
solution was refluxed for 4 days. At the end of the reaction, toluene was removed using rotary 
evaporator. The crude polymer was dissolved in dichloromethane and was precipitated in large 
excess of methanol to remove unreacted lactide. See Scheme 3.1. 
 
Scheme 3.1. Synthesis of clay-g-PDLA. 
3.2.3 Stereocomplex Nanocomposites Preparation 
clay-g-PDLA and commercial PLLA were separately dissolved in chloroform. The resulting 
solutions were mixed together and casted to form nanocomposite films with different 
clay-g-PDLA contents denoted as X%-clay-D, where X stands for the clay-g-PDLA content, 
i.e. 20wt%, 15wt%, 10wt% and 5wt%. Control samples denoted as X%-D were prepared 
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accordingly using commercial neat linear PDLA. Neat PLLA films were prepared likewise 
without adding any PDLA species. Cold crystallized samples, including those of the 
stereocomplex nanocomposites and control samples, were obtained using DSC. The solution 
casting sample was sealed in the DSC aluminum pan and underwent the same thermal process 
as in the DSC experiments described later, except that the second heating scan was replaced by 
a ramp at 10oC/min to 160oC (a point between cold crystallization and melting ), remaining 
isothermal for 5min and then quenching at 20oC/min to room temperature.  
 
3.2.4 Method and Equipment  
Fourier transform infrared spectroscopy (FT-IR) spectra were recorded on a PerkinElmer 
spectrum 2000 spectrometer at a resolution of 1 cm−1. 1H nuclear magnetic resonance (NMR) 
spectra were recorded on a Bruker Ultrashield 600 MHz/54 mm NMR spectrometer at room 
temperature using CDCl3 as the solvent. The cross-section of the compressed clay-g-PDLA 
disk for TEM observations was obtained by cutting the disk under cryogenic conditions using 
a Leica ultramicrotome with a diamond knife. The differential scanning calorimetry (DSC) 
analysis for all of the samples was performed on TA Instrument Q100 under N2, following the 
method: equilibrate at 25 °C; ramp 10 °C /min to 250 °C; isothermal for 5 min; ramp 
10 °C/min to 25 °C; isothermal for 5 min; ramp X °C/min to 250 °C (X is 3, 5, 7, and 10). To 
measure Tg of clay-g-PDLA and neat PDLA, modulated DSC was employed using the method: 
equilibrate at 25 °C; ramp 20 °C /min to 190 °C; isothermal for 5 min; quench in dry ice; 
equilibrate at 15 °C; modulate +/- 2.00 °C every 40 seconds; ramp 10 °C /min to 100 °C. 
Wide-angle X-ray diffraction (WAXD) diffractograms were obtained at room temperature on a 
Bruker GADDS diffractometer with an area detector operating under a voltage of 40 kV and a 
current of 40 mA using Cu Kα radiation (=0.15418 nm). The dumb-bell-shaped tensile 
specimens were punched with a CEAST hollow die punch (die type: ASTM D638 type V) 
from the casted nanocomposite films. Tensile properties were determined using an Instron 
5569 universal tensile machine, at a tensile speed of 3.0 mm/min at room temperature. The 
tensile results were averaged from 5 specimens per batch. The sample thickness is around 0.5 
mm. The tensile facture morphology of the nanocomposites was observed on a field emission 
scanning electron microscope (FESEM) (JEOL JSM 6700F). SEM samples were coated with 
gold. 
 
3.3 Results and Discussion 
3.3.1 Synthesis of clay-graft-PDLA and preparation of stereocomplex nanocomposites 
First, Cloisite® 30B, an organoclay, was modified by covalently grafting PDLA to form 
clay-g-PDLA. Then the resulting clay-g-PDLA was blended with commercial PLLA to form 
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PLA-clay stereocomplex nanocomposite films with different clay-g-PDLA loadings. The 
clay-g-PDLA was synthesized via ring opening polymerization of D-lactide monomers, 
initiated by the OH groups of bis-(2-hydroxyethyl) methyl tallow alky ammonium cations and 
under the catalysis of Sn(Oct)2 (Scheme 3.1). As Cloisite® 30B is covalently bonded to PDLA 
chains, the possibility of filler agglomeration is much lowered, and good filler dispersion can 
be evidenced by TEM study as shown in Figure 3.1a, where the dark ribbons are clay sheets. 
The molecular weight of clay-g-PDLA was measured by 1H NMR spectrum similarly to 
Chapter 2 (Figure 3.1b) The number average molecular weight (Mn) of the PDLA chains 
grafted on Cloisite® 30B is calculated to be 5527. As a comparison, the neat linear PDLA used 
for the control samples has a similar Mn, i.e. 6000. 
 
Figure 3.1. (a) TEM image of clay-g-PDLA. (b) NMR spectrum of clay-g-PDLA. (c) FT-IR 
spectra of neat PLLA and the stereocomplex nanocomposites in the range of 850cm-1∼950cm-1, 
where the unit of Y axis is %T. 
 
3.3.2 Formation of stereocomplex between clay-g-PDLA and PLLA 
Fourier transform infrared spectroscopy (FT-IR), differential scanning calorimetry (DSC) 
and wide angle X-ray diffraction (WAXD) were employed to study the possible formation of 
sc-crystallites in the resulting nanocomposites. As shown in Figure 3.1c, the IR absorptions at 
921cm-1 and 908cm-1 are ascribed to the homocrystallites and sc-crystallites, respectively173. 
With increasing clay-g-PDLA contents, the 921cm-1 band (neat PLLA) is gradually weakened 
while the 908cm-1 band becomes predominant (20%-clay-PDLA containing 20 wt.% of 
clay-g-PDLA in the PLLA matrix), which clearly evidences the sc-crystallite formation 






Table 3.1. DSC and WAXD characterization data of PLLA, the stereocomplex nanocomposites 
and the control samples. 










casting cold  
crystallized 
 
total αc scc   
5%-D 28.1 44.5±2.2 29.5 15.0 7.8±0.3 0.51 
5%-clay-D 26.5 40.2±1.7 33.2 6.9 6.4±0.3 0.21 
10%-D 34.3 50.6±1.3 24.4 26.2 14.7±0.4 1.07 
10%-clay-D 19.9 43.9±1.2 28.7 15.2 12.5±0.8 0.53 
15%-D 37.8 50.6±1.4 19.1 31.5 20.1±0.7 1.65 
15%-clay-D 27.3 47.7±1.7 23.1 24.5 15.8±0.8 1.06 
20%-D 38.4 49.9±1.2 9.7 40.2 24.9±0.7 4.17 
20%-clay-D 29.7 50.0±2.4 23.3 26.8 22.0±1.0 1.15 
PLLA - 40.3±1.2 - - - - 
a Eav is calculated using the DSC heating scans in Figure 3.2b according to Kissinger’s 
method, i.e. , where β is the heating rate in , Tp is the 
maximum temperature of the cold crystallization peak in K, and R is the gas constant in 
.  
b The crystallinity is calculated by crystallinity=Ac/(Ac+Aa), where Ac and Aa are the areas of 
crystal peaks and amorphous peaks, respectively, in the WAXD diffractograms.  
c This crystallinity is for the homocrystallite (α) and sc-crystallite (sc) component, which is 
calculated from the total crystallinity and sc/α ratio.  
d This ratio is the area ratio of sc peaks (11.9o, 20.7o and 23.9o) and α peaks (14.7o, 16.6o, 




Figure 3.2. (a-b) DSC thermograms of PLLA, the stereocomplex nanocomposites and the 
control samples: (a) 1st heating and cooling scans (all at 10oC/min) of the solution casting 
samples; (b) the heating scans (PLLA at 10oC/min, and A: 10oC/min, B: 7oC/min, C: 5oC/min, 
D: 3oC/min) of the melt-cooled samples obtained in (a). (c) Reversing heat flow traces of 
clay-g-PDLA and linear PDLA obtained by modulated DSC. The unit of Y axis is W/g. 
 
Further confirmation of stereocomplex between PLLA matrix and clay-g-PDLA comes from 
DSC and WAXD studies as shown in Figure 3.2a and 3.3a. In Figure 3.2a, PLLA exhibits only 
one melting peak at around 150oC in 1st heating scan, corresponding to the homocrystallites, 
while the stereocomplex nanocomposites show an additional melting peak at around 210oC at 
1st heating scans, indicating the formation of sc-crystallites in the solution casting 
clay-g-PDLA/PLLA nanocomposites. DSC thermograms of the control samples consisting of 
neat linear PDLA and PLLA are also shown in Figure 3.2a as a comparison, where we could 
also see the existence of a melting peak at around 210oC. From WAXD patterns of the 
as-prepared solution casting samples as shown in Figure 3.3a, we can see that PLLA exhibits 
diffraction peaks at 2θ=14.7o, 16.6o, 19.1o and 22.2o, corresponding to the α-form 
homocrystallites174, while the stereocomplex nanocomposites and control samples exhibit 




Figure 3.3. WAXD diffractograms of (a) the solution casting samples and (b) the cold 
crystallized samples. 
 
3.3.3 The effect of clay on the crystallization activation energy 
The incorporation of clay is expected to have an effect on the crystallization behaviors of the 
stereocomplex nanocomposites, which is firstly analyzed from the aspect of crystallization 
activation energy Eav. By using the peak temperatures of cold crystallization at different 
heating rates as shown in Figure 3.2b, the crystallization activation energy for the 
stereocomplex nanocomposites with different clay-g-PDLA loadings and their corresponding 
control samples (linear PDLA blended with PLLA) could be calculated as tabulated in Table 
3.1. 
It is found that with an increase of clay concentration, the activation energy, Eav, of the 
stereocomplex nanocomposites was first reduced from 26.5 Kcal/mol for 5%-clay-D 
containing 5 wt.% of clay-g-PDLA to 19.9Kcal/mol for 10%-clay-D and then increased to 
27.3Kcal/mol and 29.7Kcal/mol for 15%-clay-PDLA and 20%-clay-PDLA respectively. It is 
estimated that the effective clay concentration for the 20wt.% clay-g-PDLA/PLLA sample is 
about 1wt.%. The reduction in activation energy could be attributed to heterogeneous 
nucleating effect of the well dispersed covalently-bonded Cloisite® 30B sheets. The latter 
increase in Eav could be related to the confinement of polymer chains when the clay 
concentration is too high, as the two dimensional clay may divide PLLA matrix into many 
different small compartments, which reduces the transportation ability of polymer chains. 
Compared with the control samples (X%-D containing X wt.% of PDLA) in which the 
stereocomplex is formed between neat linear PDLA and PLLA without Cloisite® 30B, the 
corresponding clay-g-PDLA/PLLA stereocomplex nanocomposites have substantially lowered 
Eav, especially at high loadings of clay-g-PDLA (10wt.%, 15 wt.% and 20wt.%). This further 
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confirms the conspicuous heterogeneous nucleating effect of the well dispersed 
covalently-bonded Cloisite® 30B sheets. As for PLLA, there is no crystal formation on the 1st 
DSC cooling scan neither on the 2nd DSC heating scan (Figure 3.2), demonstrating the slow 
crystallization behavior of the polymer, which on the other hand indicates the usefulness of 
exploiting stereocomplexation to enhance the crystallinity and hence the thermal mechanical 
property of PLA-based materials. Similar effects of GO on crystallization activation energy 
were also found in our GO-g-PDLA/PLLA system, as shown in Table 2.1. 
 
3.3.4 The effect of clay on the nanocomposite’s crystallinity 
The effect of clay and stereocomplexation on PLA crystallization behaviors was further 
investigated from the aspect of crystallinity by WAXD as tabulated in Table 3.1. For the 
solution casting samples, it is shown that all the clay-g-PDLA/PLLA nanocomposites 
unexpectedly have lower total crystallinities than their corresponding control counterparts, i.e. 
linear PDLA/PLLA system, even though the crystallization activation energy is reduced by 
clay. By dividing the total crystallinity into homocrystallite (α) and stereocomplex (sc) 
components, we can see that the crystallinity for homocrystallization of the 
clay-g-PDLA/PLLA stereocomplex nanocomposite is higher than that of the corrseponding 
linear PDLA/PLLA sample, while the crystallinity for sc-crystallization of the 
clay-g-PDLA/PLLA sample is much lower than that of the corresponding linear PDLA/PLLA 
sample. The combined effect leads to lower total crystallinities for the clay-g-PDLA/PLLA 
system compared with the linear PDLA/PLLA system as shown in Table 3.1. 
On the other hand, in condense states (melt or solid), we can see that, in the cooling scans in 
Figure 3.2a, there is a crystallization exothermal peak for the control samples but almost no 
crystallization occurs during cooling for the stereocomplex nanocomposites. In the 2nd DSC 
heating scans as shown in Figure 3.2b, cold crystallization takes place at a higher temperature 
for the stereocomplex nanocomposites regarding the corresponding control samples. In 
addition, the cold crystallization and melting peaks of the stereocomplex nanocomposites are 
broader than those of the control samples. These phenomena demonstrate that clay sheets also 
impair the crystallization of stereocomplex nanocomposites in condense states. Furthermore, 
WAXD diffractograms of the cold crystallized samples only exhibit characteristic peaks of 
sc-crystallites as shown in Figure 3.3b, from which we can calculate that the stereocomplex 
nanocomposites have lower crystallinities than the control samples (Table 3.1), further 
confirming clay’s impairing role in the condense-state crystallization. It is worth mentioning 
however that the cold crystallized clay-g-PDLA/PLLA nanocomposites still exhibit desirable 
sc-crystallinities compared with the corresponding linear PDLA/PLLA samples (Table 3.1). 
For example, the cold crystallized 20 wt.% clay-g-PDLA/PLLA nanocomposite (20%-clay-D) 
has a crystallinity of ~22.0%, which is comparable with the 24.9% crystallinity exhibited by 
 49 
 
the cold crystallized 20 wt.% linear PDLA/PLLA control sample (20%-D).  
 
Scheme 3.2. Illustrations of the stereocomplex crystallization processes in solutions of (a) 
clay-g-PDLA/PLLA system and (b) GO-g-PDLA/PLLA system. 
 
3.3.5 Understanding of the effects of clay on crystallization behaviors 
In order to understand the effects of clay on crystallization behaviors of the stereocomplex 
nanocomposites, we should first look at the morphology of the nanocomposites as depicted in 
Scheme 3.2a. In clay-g-PDLA, PDLA chains were grown from OH groups of 
bis-(2-hydroxyethyl) methyl tallow alky ammonium cations distributed on clay basal planes, 
so when clay-g-PDLA is blended with PLLA through solution casting, stereocomplexation 
could happen only when the high-molecular-weight PLLA diffuses into the gallery of swelled 
clay-g-PDLA. The diffusion may actually encounter strong resistances and incur energy 
penalty, thus leading to lower stereocomplex formation for solution casting nanocomposites. 
Furthermore, PDLA chains deep inside the gallery are restricted by clay and could not 
efficiently participate in the stereocomplex crystallization. The restriction of chain mobility in 
clay-g-PDLA is evidenced by MDSC study as shown in Figure 3.2c, where the ionic/covalent 
links between clay and PDLA lead to an increase in Tg of 14 oC for clay-g-PDLA compared 
with linear PDLA, although the molecular weights of the two PDLA species are similar.   
Based on the model shown in Scheme 3.2a, we can now explain the effect of clay on the 
crystallization of solution casting nanocomposites. The lower sc-crystallinities for the 
clay-g-PDLA/PLLA system compared with the linear PDLA/PLLA system are due to the 
difficulty in PLLA’s diffusion into clay gallery and the limited mobility of grafted PDLA. In 
addition, around 7 wt% of clay exists in clay-g-PDLA leading to lowered virtual PDLA 
contents in the clay-g-PDLA/PLLA system, which also possibly contributes to the lower 
sc-crystallinities compared with the linear PDLA/PLLA system. On the other hand, the higher 
homocrystallite crystallinities observed in clay-g-PDLA/PLLA system compared with the 
corresponding control samples indicate that clay can still act as the heterogeneous nucleating 
centers from which homocrystallites, basically formed by PLLA matrix, are initiated and grow 
 50 
 
outside the clay-g-PDLA gallery. 
Besides heterogeneous nucleation centers, blocking sites are also an important role clay 
plays in PLA crystallization, i.e. exfoliated clay sheets could effectively divide the PLLA 
matrix into many small compartments thus reducing PLLA chain mobility and hindering 
crystal growth. The hindrance effect is particularly significant in condense states where clay 
concentration is much higher than in solutions. During cold crystallization, the hindrance effect 
may overwhelm the heterogeneous nucleating effect, which hence results in a nanocomposite 
without homocrystallization and with an impaired stereocomplex crystallinity as shown in 
Figure 3.3b and Table 3.1. 
However, despite the hindrance effect, the crystallinities of the cold crystallized 
stereocomplex nanocomposites and control samples are still comparable (Table 3.1), which 
may also be explained from the morphology of the materials (Scheme 3.2a). When solution 
casting samples were heated to a temperature higher than Tm of sc-crystallites and cooled down, 
the sc-crystallites were destroyed. For the clay-g-PDLA/PLLA system, the PLLA which has 
previously entered clay-g-PDLA gallery to form sc-crystallites finds it difficult to diffuse out 
during the heat treatment and is still confined / trapped in the gallery in association with PDLA 
grafted on clay. As a result, the “trapped” PLLA finds it easy to re-form sc-crystallites with 
clay-g-PDLA when the sample was later heated to cold crystallization temperature. More 
interesting is that the crystallinities of the stereocomplex component for the solution casting 
samples and for the subsequent cold crystallized samples are quite similar (Table 3.1), 
indicating that the majority of the sc-crystallites in the gallery of clay basal planes formed 
during solution casting could be re-formed during cold crystallization. This also provides a 
further confirmation that PLLA is trapped in the gallery of clay and could interact with PDLA 
to re-form sc-crystallites easily. Yet for the control samples, no such “trapping” effect exists. 
Instead, the reconfiguration of PLLA and PDLA during cold crystallization for 
stereocomplexation confronts more resistance in condense states than in solutions, which 
hence results in the nearly halved sc-crystallinity for control samples compared with the 
respective sc-crystallinity in solution casting samples (Table 3.1). 
It is worth mentioning the PLLA/GO-g-PDLA nanocomposites discussed in Chapter 2. 
Although both GO and clay are two dimensional nanofillers and they both reduce 
crystallization activation energies of the resulting nanocompsoites, discrepancies could also be 
found between PLA-GO and PLA-clay systems. Through solution casting, the 
GO-g-PDLA/PLLA samples exhibit higher crystallinities compared with the corresponding 
linear PDLA/PLLA samples, while the clay-g-PDLA/PLLA samples exhibit lower total 
crystallinities than the control samples. On the other hand, through cold crystallization the 
GO-g-PDLA/PLLA nanocomposites exhibit much lower sc-crystallinities compared with the 
corresponding linear PDLA/PLLA samples, while clay-g-PDLA/PLLA nanocomposites show 
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similar sc-crystallinities to the PDLA/PLLA samples (Table 3.1 and 2.1). To understand the 
mechanism behind such descrepancies, we may refer to the morphology of GO-g-PDLA/PLLA 
system (Scheme 3.2b). In GO-g-PDLA the polymerization of PDLA was initiated from the 
grafted OH groups at the edges of GO sheets. During solution casting PLLA can form 
sc-crystallites with PDLA freely outside GO gallery without energy penalty, so the reduction in 
crystallization activation energy is predominant and leads to enhanced crystallinities for 
solution casting samples compared with control samples. However in condense states, as the 
PLLA chains that form sc-crystallites with PDLA at GO edges during solution casting are not 
confined in GO gallery, they would encounter more resistance in reconfiguration during cold 
crystallization, which, together with GO’s hindrance effect and the less mobility of PDLA due 
to grafting on GO, endows the cold crystallized nanocomposites with severely lowered 
stereocomplex crystallinities (Table 2.1).  For example, the crystallinity of 20 wt.% 
GO-g-PDLA/PLLA nanocomposite after cold crystallization is only 7.7%, which is much 
lower than that of the control sample (33.1%) and also much lower than that of the 20 wt.% 
clay-g-PDLA/PLLA nanocomposite (22.0%). 
 
Figure 3.4. Stress-strain curves of PLLA and PLLA/clay-g-PDLA nanocomposites. 
 
Table 3.2. Tensile mechanical properties of the PLLA/clay-g-PDLA stereocomplex 
nanocomposites. 




Elongation at break 
(%) 
PLLA 2.0±0.2 31.5±0.7 30.1±2.8 
5%-clay-D 3.6±0.4 48.8±2.7 3.2±1.5 
10%-clay-D 3.7±0.4 55.2±3.0 1.2±0.3 
3.3.6 Mechanical Properties of the Stereocomplex Nanocomposites 
The effects of clay-g-PDLA on the tensile mechanical properties of commercial PLLA are 
shown in Figure 3.4 and Table 3.2. It can be seen that Young’s modulus and tensile strength are 
substantially increased by the incorporation of clay-g-PDLA. The significant reinforcement 
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may arise from the strong stereocomplex matrix/filler interactions and good clay dispersion. 
On the other hand, the nanocomposites become quite brittle with impaired elongation at break. 
The 15%-clay-D and 20%-clay-D samples are even too brittle for tensile tests, so the results 
are not listed in Table 3.2. The tensile facture surface of the nanocomposites is investigated by 
SEM as shown in Figure 3.5. We can see that the facture surface is quite smooth, indicating a 
brittle facture during tensile tests. 
 
Figure 3.5. SEM image of the facture surface of (a) 10%-clay-D and (b) 10%-D. 
 
3.4 Summaries 
In summary, PLA-clay nanocomposites were successfully prepared by blending commercial 
PLLA with clay-g-PDLA which is synthesized via ring opening polymerization using 
organoclay as initiators. The formation of stereocomplex between clay-g-PDLA and PLLA was 
verified by FT-IR, DSC and WAXD. The incorporation of clay leads to a lower crystallization 
activation energy for the stereocomplex nanocomposites mainly due to the heterogeneous 
nucleating effect of the well dispersed clay sheets. For solution casting samples, as PDLA is 
distributed on clay basal plains in clay-g-PDLA, PLLA has to diffuse into clay gallery to form 
sc-crystallites, which is relatively hard and incurs energy penalty. This results in reduced 
sc-crystallite formation and hence lower total crystallinities for stereocomplex nanocomposites 
compared with control samples. The heterogeneous nucleating effect of clay is reflected in the 
improved homocrystallite crystallinities of stereocomplex nanocomposites. For the 
subsequently cold crystallized samples, the hindrance effect of clay and the resulting low 
polymer chain mobility lead to impaired crystallinities for stereocomplex nanocomposites. 
However, as PLLA that has entered clay gallery in solution casting is “trapped” and can in situ 
participate in stereocomplexation with PDLA inside the gallery during cold crystallization, 
desirable crystallinities are still maintained in the stereocomplex nanocomposites. The 






Chapter 4. Synthesis, Stereocomplex Crystallization, 
Morphology and Mechanical Property of 
Poly(lactide)-Carbon Nanotube Nanocomposites 
4.1 Introduction 
In the previous two chapters, the effect of two-dimensional nanofillers, i.e., graphene oxide 
and clay, on the crystallization behaviors of PLA has been investigated. This chapter and 
Chapter 5 will investigate nanofillers of different dimensions. In this chapter, carbon nanotubes 
will be studied as the reinforcement to PLA. 
Carbon nanotubes (CNTs), since their discovery in 1952 186 and further popularization in 
1991, 128 have been a very active research field over the last decade. 187-189 The impressive 
toughness, 190 potentially ballistic electrical conduction 191 and large aspect ratio 
(typically >1000) of CNTs make them excellent candidates to substitute or complement the 
conventional nanofillers in the fabrication of multifunctional polymer nanocomposites. The 
first ever polymer nanocomposite using CNTs as fillers was reported in 1994 by Ajayan et al. 
132 Since then, there have been many publications dedicated to processing and improving 
mechanical and/or electrical properties of fabricated polymer-CNT nanocomposites. 192-196 
However, almost all known preparations of CNTs give mixtures of various chiralities, 
diameters, and lengths along with the presence of impurities and other structural defects. 133 
Moreover, CNT aggregation has been found to dramatically hamper the mechanical properties 
of fabricated nanocomposites. Another great challenge in polymer-CNT nanocomposites is the 
efficient translation of CNTs properties both into the polymer matrix and between nanotubes.  
Methods such as “grafting to” and “grafting from” have been used to address the dispersion 
and property translation issues by covalently bonding polymers onto CNTs. For the “grafting 
to” technique, the covalent grafting of polymeric molecules onto CNTs is usually 
accomplished by esterification or amidation reactions. 197 The loss in conformational entropy 
of the polymer significantly suppresses chains from diffusing to and reacting with the 
carboxylic acid sites of carbon nanotubes, which leads to inefficient grafting. 198 On the other 
hand, the “grafting from” technique relies on the immobilization of initiators onto the CNTs 
followed by the in situ surface initiated polymerization. Since this strategy involves the 
reaction of CNTs with small molecules (initiators and monomers), loss of reactivity caused by 
steric crowding on the CNT surface is not an issue thus a higher grafting density could be 
achieved. The “grafting from” technique has been utilized in PLA-CNT nanocomposites, 199, 200 
where the PLLA chains grown by in situ polymerization on MWCNTs improve the dispersion 
and compatibility of MWCNTs within the PLLA matrix and hence lead to a further enhanced 
mechanical property and thermal stability. 
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Here in this chapter, we report a new type of PLA-CNT nanocomposite formed through 
stereocomplexation and study the effect of stereocomplexation and CNTs on the crystallization, 
and the thermal and mechanical property of the resulting nanocomposites.  First, CNTs were 
modified by covalently grafting PDLA using the “grafting from” technique to yield 
CNT-g-PDLA. The resulting CNT-g-PDLA was later blended with commercial PLLA to form 
the PLA-CNT stereocomplex nanocomposites. Similar to the work in Chapter 2 on 
PLA-graphene oxide (GO) nanocomposites, the covalent combination of CNTs and PDLA is 
expected to act as both a promising heterogeneous nucleating agent and a reinforcing filler for 
PLLA-based materials. Compared with the CNT-g-PLLA/PLLA nanocomposites reported in 
literature 199, 200 and the stereocomplex nanocomposites reported in Chapter 2 and 3 using 2-D 
nanofillers, there are two advantages of using CNT-g-PDLA as the nanofiller for commercial 
PLLA: 1) the formation of stereocomplex between PLLA matrix and PDLA grafted on CNTs 
could promote a stronger filler-matrix interaction which could effectively transfer the property 
of CNTs to the polymer matrix, while no stereocomplexation exist in the reported 
CNT-g-PLLA and PLLA matrix, 199, 200 and 2) the one dimensional nanofiller, CNTs, is 
expected to exhibit less confinement effect and hence will not significantly hinder the polymer 
chain mobility and crystallization, in contrast to GO or clay which has a two dimensional 
structure and was reported to hinder the polymer chain mobility and crystal growth. 
 
4.2 Experimental Section 
4.2.1 Materials 
PLLA (3051D, Mn = 130K) pellets were purchased from Natureworks. Neat linear PDLA 
(Mn = 6000) was purchased from Polymer Source. D-lactide was purchased from PURAC 
Biochem. 1,4-Butanediol (BD) (ReagentPlus, 99%), 4-dimethylaminopyridine (DMAP), and 
tin(II) 2-ethylhexanoate (95%, Sn(Oct)2) were purchased from Sigma Aldrich. 






Scheme 4.1. Surface modification of CNTs and synthesis of CNT-g-PDLA. 
4.2.2 Functionalization of CNTs 
60mg of the crude CNTs was suspended in a mixture of concentrated nitric acid (2mL) and 
sulfuric acid (6mL) and refluxed under vigorous stirring for 8h, after which the suspension was 
diluted with 60 mL of deionized water and vacuum-filtered through a 0.22 mm polycarbonate 
membrane. Then the solid was washed with deionized water until the pH of the filtrate reached 
approximately 7.0, followed by vacuum drying overnight at 60 °C to obtain the carboxylic acid 
functionalized CNTs (CNT-COOH). Later, OH groups were attached by grafting BD onto the 
COOH groups of CNT-COOH under the catalysis of DCC and DMAP in anhydrous DMF at 
room temperature overnight. Then the suspension was vacuum-filtered through a 0.22 mm 
polycarbonate membrane. The filtered solid was washed with fresh DMF for several times and 
vacuum dried at 60 °C overnight to obtain hydroxyl groups functionalized CNTs (CNT-BD). 
See Scheme 4.1. 
 
4.2.3 Synthesis of CNT-g-PDLA 
Recrystallized D-lactide monomer (4 g), CNT-BD (40 mg, as initiators), Sn(Oct)2 (35 μL, as 
catalyst), and anhydrous toluene (∼50 mL) were charged into a round-bottom flask, and the 
flask was sealed, all done in a glove box. A homogeneous mixture was obtained by ultrasonic 
for 20 min and then stirred at 120 °C for 3 days under reflux in N2 using a condenser. At the 
end of the reaction, the flask was cooled down to room temperature. At the flask bottom a 
sticky layer (CNT-g-PDLA) was observed, which was separated from the rest of the solution 
and collected by dissolving in chloroform (200 mL), precipitating in excessive hexane (400 
mL) and filtering followed by washing with methanol several times. See Scheme 4.1. 
 
4.2.4 Preparation of Stereocomplex Nanocomposite 
CNT-g-PDLA and commercial PLLA were separately dissolved in chloroform. The resulting 
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solutions were mixed together and cast to form nanocomposite films with different 
CNT-g-PDLA contents denoted as X%-CNT-D, where X stands for the CNT-g-PDLA content, 
that is, 20 wt %, 15 wt %, 10 wt %, and 5 wt %. Control samples denoted as X%-D were 
prepared accordingly using commercial neat linear PDLA without CNTs. Neat PLLA films 
were prepared likewise without adding any PDLA species. Cold crystallized samples, 
including those of neat PLLA, the stereocomplex nanocomposites and the control samples, 
were obtained by using DSC as follows: the solution casting sample was sealed in the DSC 
aluminum pan and underwent the same thermal process as in the DSC experiments described 
below, except that the second heating scan was replaced by a ramp at 10 °C/min to 160 °C (a 
point between cold crystallization and melting), remaining isothermal for 5 min, and then 
quenching at 20 °C/min to room temperature. The compositions of the samples are 
summarized in Table 4.1. 
















CNT-g-PDLA 1 - - 
PLLA - - 100 
5%-CNT-D 0.05 5 95 
5%-D - 5 95 
10%-CNT-D 0.1 10 90 
10%-D - 10 90 
15%-CNT-D 0.15 15 85 
15%-D - 15 85 
20%-CNT-D 0.2 20 80 
20%-D - 20 80 
a The weight percentage of CNTs is calculated according to the feed amount of CNTs in the 
synthesis of CNT-g-PDLA.  
b The PDLA species stands for CNT-g-PDLA in the stereocomplex nanocomposites and neat 
linear PDLA in the control samples.  
 
4.2.5 Method and Equipment 
Fourier transform infrared spectroscopy (FT-IR) spectra were recorded on a PerkinElmer 
spectrum 2000 spectrometer at a resolution of 1 cm−1. 1H nuclear magnetic resonance (NMR) 
spectra were recorded on a Bruker Ultrashield 600 MHz/54 mm NMR spectrometer at room 
temperature using CDCl3 as the solvent. Transmission electron microscopy (TEM) observation 
was conducted on an FEI Titan 80-300 S/TEM (scanning/transmission electron microscopy) 
instrument operated under an acceleration voltage of 80 kV. The film cross-section for TEM 
observations was obtained by cutting the as-prepared nanocomposites under cryogenic 
conditions using a Leica ultramicrotome with a diamond knife. The solution casting samples 
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for TEM were prepared by depositing a drop of chloroform solution (totally three solutions 
containing 1:1 weight ratio of CNT-g-PDLA/PLLA, 1:1 weight ratio of PDLA/PLLA and neat 
PLLA of the same concentration, respectively) onto a TEM grid coated with a layer of carbon 
film. The differential scanning calorimetry (DSC) analysis for all of the samples was 
performed on TA Instrument Q100 under N2, following the method: equilibrate at 25 °C; ramp 
10 °C /min to 250 °C; isothermal for 5 min; ramp 10 °C/min to 25 °C; isothermal for 5 min; 
ramp X °C/min to 250 °C (X is 3, 5, 7, and 10). Wide-angle X-ray diffraction (WAXD) 
diffractograms were obtained at room temperature on a Bruker GADDS diffractometer with an 
area detector operating under a voltage of 40 kV and a current of 40 mA using Cu Kα radiation 
(=0.15418 nm). Nanoindentation was performed on an MTS Nano Indenter XP (MTS Corp., 
Nano Instruments Innovation Center, Oak Ridge, TN) using the dynamic contact module 
(DCM). The dumb-bell-shaped tensile specimens were punched with a CEAST hollow die 
punch (die type: ASTM D638 type V) from the casted nanocomposite films. Tensile properties 
were determined using an Instron 5569 universal tensile machine, at a tensile speed of 3.0 
mm/min at room temperature. The tensile results were averaged from 5 specimens per batch. 
The sample thickness is around 0.1 mm. The tensile facture morphology of the 
nanocomposites was observed on a field emission scanning electron microscope (FESEM) 




Figure 4.1. FT-IR spectra of (a) CNT, CNT-COOH, CNT-BD in the range of 
1000-3000cm-1and (b) CNT-g-PDLA/PLLA stereocomplex nanocomposites in the range of 
850-1000cm-1. 
4.3 Results and Discussion 
4.3.1 Synthesis and Characterization of CNT-g-PDLA 
The successful modification of CNT was confirmed by FT-IR as shown in Figure 4.1a. The 
FT-IR spectrum of CNT-COOH exhibits the expected C=O stretching vibration IR absorption 
at 1714 cm-1, corresponding to the incorporated carboxylic acid groups as a result of the acid 
treatment process. For CNT-BD, the C=O stretching vibration absorption is shifted to 1724 
cm-1, which possibly results from the change in electron density of the carbonyl groups during 
the esterification process. Thus this shift evidences the covalent grafting of BD onto CNTs. 
Furthermore, the C-H stretching vibration absorptions at 2853 cm-1 and 2925 cm-1, which 
correspond to the alkyl groups, are more intense for CNT-BD than for CNT-COOH, thus again 




Figure 4.2. 1H NMR spectrum of CNT-g-PDLA in the range of 2.8ppm-6.1ppm. 
 
CNT-g-PDLA was synthesized by the ring-opening polymerization of D-lactide monomer, 
initiated by the OH groups covalently grafted onto CNTs and under the catalysis of Sn(Oct)2 as 
illustrated in Scheme 4.1. The molecular weight of the resulting CNT-g-PDLA was measured 
by 1H NMR spectrum as shown in Figure 4.2. The peaks denoted as “A” at around 5.16 ppm 
and “a” at around 4.35ppm correspond to the methine protons -CH- within the PDLA chains 
and at the chain end respectively. 171 Hence by using the intensity ratio of “A” and “a”, the 
number average molecular weight (Mn) of the PDLA chains covalently grafted on CNTs can be 
calculated as 5000. For comparison, commercial neat linear PDLA of a similar molecular 
weight, i.e. Mn=6000, was used to prepare the control samples without CNTs. 
 
4.3.2 Formation of stereocomplex between CNT-g-PDLA and PLLA 
Figure 4.1b shows the FT-IR spectra of neat PLLA and stereocomplex nanocomposites 
formed between CNT-g-PDLA and PLLA. The IR absorptions at 921cm-1 and 908 cm-1 are 
ascribed to the homocrystallites formed in neat PLLA and sc-crystallites formed between 
PLLA and PDLA respectively. 173 From Figure 4.1b, we can see that with the increase in 
CNT-g-PDLA content, the 921 cm-1 absorption is gradually weakened while the 908 cm-1 





Figure 4.3. Differential scanning calorimetry (DSC) thermograms of neat PLLA, 
stereocomplex nanocomposites and the control samples: (a) the 1st heating and 1st cooling 
scans (all at 10 °C/min) of the solution casting samples. (b) The heating scans (PLLA at 
10 °C/min, and A: 10 °C/min, B: 7 °C/min, C: 5 °C/min, D: 3 °C/min) of the melt cooled 
samples obtained in (a). 
 
Figure 4.4. WAXD diffractograms of (a) the solution casting samples and (b) the cold 
crystallized samples. 
DSC and WAXD were used to further confirm the stereocomplex formation between PLLA 
matrix and CNT-g-PDLA. During the 1st heating scan of the solution casting PLLA film 
(Figure 4.3a), there is only one melting peak at around 150 °C, corresponding to the 
homocrystallites of neat PLLA, while for the stereocomplex nanocomposite films, an 
additional melting peak at around 210 °C can be observed, indicating the formation of 
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sc-crystallites for the solution casting CNT-g-PDLA/PLLA nanocomposites. As a comparison, 
the DSC thermograms of the control samples formed between PLLA and neat linear PDLA are 
shown in Figure 4.3a, where we can also see the sc-crystallite melting peak at around 210 °C 
in the 1st heating scans. WAXD diffractograms of the as-prepared solution casting samples are 
shown in Figure 4.4a. Neat PLLA exhibits diffraction peaks at 2θ=14.7°, 16.6°, 19.1°, and 
22.2°, characteristic of α-form homocrystallites formed in PLLA,174 while the stereocomplex 
nanocomposites and the control samples exhibit additional peaks at 2θ = 11.9°, 20.7°, and 
23.9°, characteristic of the sc-crystallites, 175 again confirming the stereocomplex formation 
between PLLA matrix and CNT-g-PDLA. 
 
Figure 4.5. Transmission electron microscope (TEM) micrographs of the cross-section of the 
20 wt%-CNT-D film sample (consists of 20 wt% of CNT-g-PDLA and 80 wt% of PLLA). 
 
4.3.3 Morphology of the Stereocomplex Nanocomposites 
The cross-sectional morphology of the CNT-g-PDLA/PLLA stereocomplex nanocomposite 
film was studied using TEM as shown in Figure 4.5, where black short rods of a homogeneous 
distribution can be noticed. Although these short rods are possibly bundles of CNTs, the radius 
of them could be estimated as about 30 nm according to Figure 4.5b, which still represents a 
desirable dispersion of CNTs within the polymer matrix. The good CNTs dispersion can be 
ascribed to the grafting of PDLA on CNTs and the strong stereocomplex interaction between 
PLLA and PDLA on CNTs. 
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Table 4.2. DSC and WAXD characterization data of PLLA, the stereocomplex nanocomposites and 
the control samples. 








Crystallinityc (%) sc/α fraction 




5%-D 28.1 58.3 45.01±1.18 7.78±0.32 0.44 
5%-CNT-D 21.9 59.3 50.99±1.35 6.36±0.34 0.49 
10%-D 34.3 57.5 50.59±1.33 14.69±0.38 0.93 
10%-CNT-D 16.9 58.5 58.54±1.52 10.42±0.53 1.23 
15%-D 37.8 56.4 50.58±1.38 20.13±0.75 1.56 
15%-CNT-D 14.6 57.2 63.12±1.58 10.92±0.32 2.05 
20%-D 38.4 56.1 49.88±1.15 24.88±0.72 3.16 
20%-CNT-D 22.4 58.0 60.49±1.85 13.47±0.38 4.29 
PLLA - 59.0 40.31±1.16 - - 
a Eav is calculated using the DSC heating scans in Figure 4.3b according to Kissinger’s method, i.e. 
, where β is the heating rate in , Tp is the maximum 
temperature of the cold crystallization peak in K, and R is the gas constant in 
.  
b Tg is obtained from quenched materials by modulated DSC (ramp at 10 °C/min).   
c The crystallinity is calculated by crystallinity=Ac/(Ac+Aa), where Ac and Aa are the areas of 
crystal peaks and amorphous peaks, respectively, in the WAXD diffractograms. 
d This ratio is the area ratio of sc peaks (11.9o, 20.7o and 23.9o) and α peaks (14.7o, 16.6o, 19.1o and 
22.2o) in the WAXD diffractograms. 
 
4.3.4 Effect of CNTs on Crystallization Activation Energy 
To analyze the effect of CNTs on the crystallization behavior of PLA, DSC was employed to 
study the materials in terms of crystallization activation energy (Eav). By using the peak 
temperatures of cold crystallization at different heating rates as shown in Figure 4.3b, Eav of 
the stereocomplex nanocomposites and control samples could be calculated according to the 
Kissinger’s method 201 as tabulated in Table 4.2. For the CNT-g-PDLA/PLLA stereocomplex 
nanocomposites, as CNT-g-PDLA content increases, the Eav first reduces from 21.9 Kcal·mol-1 
for 5%-CNT-D containing 5 wt% of CNT-g-PDLA to 16.9 Kcal·mol-1 and 14.6 Kcal·mol-1 for 
10%-CNT-D and 15%-CNT-D respectively, then increases to 22.4 Kcal·mol-1 for 20%-CNT-D. 
The reduction in crystallization activation energy with increased CNT-g-PDLA contents can be 
ascribed to the heterogeneous nucleating effect of the well-dispersed covalently modified 
CNTs (see Figure 4.5), while the latter increase may be due to the confinement of polymer 
chains at high CNTs contents, because the numerous CNTs are embedded in the polymer 
matrix and divide the matrix into many interconnected compartments thus impairing the 
transportation ability of the polymer chains. 
Comparing with the control samples, i.e. PLLA with linear PDLA, the corresponding 
CNT-g-PDLA/PLLA stereocomplex nanocomposite samples have substantially lowered Eav, 
especially at high CNT-g-PDLA loadings, i.e. 10 wt%, 15 wt% and 20 wt%, which further 
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confirms the role of heterogeneous nucleating centers CNTs play in the PLA crystallization 
process. For neat PLLA, DSC results give no crystallization peaks both in the first cooling 
scan and in the second heating scan, indicating the slow crystallization behavior of the 
relatively huge PLLA molecules, which on the other hand reveals the usefulness of exploiting 
stereocomplexation in improving the crystallinity and thermal mechanical properties of 
PLA-based materials. 
 
Figure 4.6. TEM micrographs of solution casting samples on a TEM grid coated with a layer 
of carbon film: (a) neat PLLA, (b) 1:1 weight ratio of PDLA/PLLA, (c-i) 1:1 weight ratio of 
CNT-g-PDLA/PLLA. The insets in (a) and (b) are the electron diffraction patterns of the 
corresponding TEM micrographs. (e-i) show the enlargement of the black areas of (c) and (d). 
The right insets in (e-i) are the Fast Fourier Transform (FFT) images of the corresponding 
enlargements on the left. 
 
Further confirmation of heterogeneous nucleating effect of CNTs comes from TEM study as 
shown in Figure 4.6. Figure 4.6a and 4.6b show the TEM micrographs for neat PLLA and 
PLLA/PDLA 1:1 mixture respectively, where we can see that the films formed through 
solution casting and fast solvent evaporation are quite uniform. From the electron diffraction 
patterns (see insets in Figure 4.6a and 4.6b), it can be noticed that almost no crystal forms in 
the two samples, although the PLLA/PDLA 1:1 mixture was expected to form the 
sc-crystallites. This amorphous structure is probably caused by the fast chloroform evaporation 
with only a small amount of solution cast on the TEM grid resulting in insufficient time for 
crystal formation. On the other hand at the same condition, the film formed from the 
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CNT-g-PDLA/PLLA 1:1 mixture is not as uniform and exhibits dark rod-like areas as labeled 
by arrows in Figure 4.6c and 4.6d. Enlargements of these dark areas are shown in Figure 4.6e-i, 
where crystal lattices can be observed as labeled by the double-head arrows demonstrating 
crystal formation in the dark areas. By using the Fast Fourier Transform (FFT), we calculate 
the d-spacings of these lattices and find consistency with the WAXD results. The crystal 
lattices in Figure 4.6e and 6f correspond to the homocrystallite peaks at 2θ = 16.6° and 14.7° 
in WAXD patterns as shown in Figure 4.4 respectively, while the lattices in Figure 4.6g, 4.6h 
and 4.6i correspond to the sc-crystallite peaks at 2θ = 11.9°, 20.7°, and 23.9°, respectively. 
Although CNTs could not be observed in the micrographs due to low contrast, these rod-like 
crystal areas could be explained to be initiated from the interface of CNTs and the matrix 
where both PDLA and PLLA exist, thus providing a further confirmation that CNTs indeed act 
as the heterogeneous nucleating centers and crystallization process preferentially begins on 
CNTs. 
 
4.3.5 Effect of CNTs on Crystallinity and Stereocomplex Crystallization Behaviors 
The effect of CNTs on the crystallization behaviors of the PLA-CNT nanocomposites was 
further investigated by WAXD in terms of crystallinity as shown in Figure 4.4, and the 
crystallinities of various samples were calculated and tabulated in Table 4.2. For the solution 
casting samples, CNT-g-PDLA/PLLA stereocomplex nanocomposites all have a higher 
crystallinity than their corresponding control counterparts. Furthermore, the stereocomplex 
nanocomposites also have obviously enhanced sc-crystallite fractions with the incorporation of 
CNTs and the enhancement is greater at higher CNT-g-PDLA loadings. These improvements 
support the heterogeneous nucleating effect of CNTs in the solution casting process and are 
very significant considering that only small amounts of CNTs (only ~0.2 wt% of CNTs in 20 
wt% CNT-g-PDLA/PLLA, see Table 4.1) exist in the stereocomplex nanocomposites. It is 
worth mentioning however that the crystallization behavior of the materials from melt (cold 
crystallized samples) is quite different from that of the solution casting samples. First, looking 
at the WAXD patterns as shown in Figure 4.4b, we can see that for all the cold crystallized 
samples which have experienced the melt (heating) - cooling - cold crystallization (heating) 
process (see the Experimental Section), the homocrystallites are hardly seen after 2nd heating 
scan (cold crystallized PLLA sample just shows an amorphous halo) leaving only the 
sc-crystallites in the stereocomplex nanocomposites and control samples. Moreover, after cold 
crystallization, the CNT-g-PDLA/PLLA stereocomplex nanocomposites show impaired 
crystallinities with respect to the corresponding control counterparts (Table 4.2), which reveals 
that CNTs may hinder the crystallization process in condense states. Second, from the cooling 
scans of DSC in Figure 4.3a, it can be noticed that there is no crystallization exothermal peak 
for the CNT-g-PDLA/PLLA stereocomplex nanocomposites, while crystallization occurs 
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obviously for the control samples, especially at high PDLA loadings. In the second heating 
scans as shown in Figure 4.3b, the cold crystallization and melting peaks of the 
CNT-g-PDLA/PLLA stereocomplex nanocomposites are all broader than those of the 
corresponding control counterparts. In addition, for the CNT-g-PDLA/PLLA stereocomplex 
nanocomposites, cold crystallization happens at a higher temperature than that for the control 
samples, and this difference becomes more significant at higher contents of PDLA species. 
These phenomena further evidence the impairing role of CNTs in the melt/solid-state 
crystallization. 
To understand the effect of CNTs on the crystallization behavior of PLA-based materials, 
two key mechanisms could be put forward: 1. the heterogeneous nucleation initiating effect of 
CNTs reduces the crystallization activation energy, as studied using DSC; 2. at high 
concentrations, CNTs limit the polymer chain mobility by dividing the matrix into many 
interconnected compartments and inversely act as blocking sites which hinders the crystal 
growth. In the preparation of solution casting samples, the solution is dilute, where polymer 
chain mobility is high and the environment is favorable for polymer crystal growth. In this 
case, the reduction of Eav resulting from CNT’s heterogeneous nucleating effect prevails and 
thus leads to the enhanced crystallinity and sc-crystallite fraction in the stereocomplex 
nanocomposites. But in condense state, CNTs are homogeneously and densely distributed 
within the matrix thus impairing the polymer chain mobility. In this case, although Eav is still 
lower for the stereocomplex nanocomposites and more crystallites are initiated due to CNTs, 
the growth of these crystallites will be hindered by neighboring CNTs and crystallites, which 
hence lowers the crystallinity. The hindering of crystal growth is also manifested by DSC 
study in Figure 4.3b, where the CNT-g-PDLA/PLLA stereocomplex nanocomposites all have a 
lower sc-crystallite melting temperature than the corresponding control counterparts indicating 
impaired crystalline sizes. 
In addition, by comparison between the current CNT-g-PDLA/PLLA nanocomposites and 
the graphene oxide (GO)-g-PDLA/PLLA nanocomposite system reported in Chapter 2, we can 
come to a conclusion that the one-dimensional CNTs have an inferior confinement effect on 




Figure 4.7. Mechanical properties of the stereocomplex nanocomposites and control samples 
measured by nanoindentation: (a) Modulus. (b) Hardness. 
 
4.3.6 Mechanical Properties 
The mechanical properties of the stereocomplex nanocomposites and control samples were 
tested by nanoindentation as plotted in Figure 4.7. We can see that with the increase in neat 
low-molecular-weight PDLA content, both the modulus (E) and hardness (H) of the 
PDLA/PLLA control samples drop dramatically. The dramatic drop in E and H can be 
explained as that although the low-molecular-weight (only 6k) PDLA molecules should 
participate in the stereocomplex crystallization with PLLA, some of them may still be 
dissociative in the matrix of much higher molecular weight (up to 130k) and act as the 
plasticizer, whose amount may increase with PDLA loadings. The plasticizing effect of 
low-molecular-weight PDLA can be demonstrated by Tg of PLLA and the control samples in 
Table 4.2, where Tg decreases with the increase of PDLA loadings. On the other hand, for the 
stereocomplex nanocomposites with covalently grafted CNTs, there is also a drop in modulus 
and hardness with increased CNT-g-PDLA amount, which may similarly be due to the 
plasticizing effect of the low-molecular-weight (only 5k) PDLA on CNTs demonstrated by Tg 
in Table 4.2. Yet, the mechanical property of the stereocomplex nanocomposites is much 
elevated than that of the control samples even though the PDLA species used in both groups of 
samples have similarly low molecular weight. The significant enhancement in modulus and 
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hardness of the stereocomplex nanocomposites reveals the superior strengthening effect of 
CNTs within the matrix, where the CNT-PDLA covalent bonds and PDLA/PLLA 
stereocomplex interaction ensure an efficient load transfer as well as a good CNT-dispersion. 
Meanwhile, the higher crystallinities and larger stereocomplex crystallite/homocrystallite (sc/α) 
ratios (Table 4.2) resulting from CNTs’ heterogeneous nucleating effect in the stereocomplex 
nanocomposites may contribute as well to the enhancement of modulus and hardness 
compared with the control samples. In addition, CNTs could also act as the pining spots, which 
more effectively immobilizes PDLA molecules and hence counteracts the potential plasticizing 
effect. This pining effect can be revealed in Table 4.2, where Tg of stereocomplex 
nanocomposites is higher that of the control samples. 
 
Figure 4.8. Stress-strain curves of PLLA and PLLA/CNT-g-PDLA nanocomposites. 
 
Table 4.3. Tensile mechanical properties of the PLLA/CNT-g-PDLA stereocomplex 
nanocomposites. 




Elongation at break 
(%) 
PLLA 3.4±0.2 44.6±4.4 4.1±0.9 
5%-CNT-D 4.3±0.1 65.1±1.7 1.9±0.1 
10%-CNT-D 4.3±0.2 55.6±5.0 1.4±0.4 
 
The tensile mechanical properties of the PLLA/CNT-g-PDLA nanocomposites are shown in 
Figure 4.8 and Table 4.3. It can be seen that Young’s modulus and tensile strength are 
substantially increased by the incorporation of CNT-g-PDLA. The significant reinforcement 
may arise from the strong stereocomplex matrix/filler interactions and good POSS dispersion. 
On the other hand, the nanocomposites become quite brittle with impaired elongation at break. 
The tensile facture surface of the nanocomposites is investigated by SEM as shown in Figure 





Figure 4.9. SEM image of the facture surface of (a) 10%-CNT-D and (b) 10%-D. 
4.4 Summaries 
PLA-CNT nanocomposites were successfully prepared by blending of commercial PLLA 
with CNT-g-PDLA, where CNT-g-PDLA was synthesized via ring-opening polymerization 
using modified CNTs as the initiator. The formation of stereocomplex between CNT-g-PDLA 
and PLLA matrix was revealed by FT-IR, DSC, and WAXS studies. For the solution casting 
samples, the stereocomplex nanocomposites with CNTs incorporated exhibit a lower 
crystallization activation energy, an enhanced crystallinity, and a higher fraction of 
sc-crystallites compared to the neat linear PDLA/PLLA stereocomplex control system. This 
could be attributed to the heterogeneous nucleating effect of CNTs, which is confirmed by 
TEM observation. On the other hand in condense states (melt or solid), where the CNTs 
concentration is high, although the crystallization activation energy is lowered by CNTs, the 
confinement effect of these 1-D nanofillers and the resulting low polymer chain mobility lead 
to a lower crystallinity and smaller crystalline sizes observed in the stereocomplex 
nanocomposites. The uniform CNT-dispersion (TEM), strong covalent/stereocomplex 
CNT-matrix interations, higher total crystallinities, larger stereocomplex fractions (XRD) and 
CNTs’ pining effect on PDLA (DSC) together contribute to an enhanced mechanical property 
for the stereocomplex nanocomposites with respect to the control samples. The Young’s 













Chapter 5. Synthesis, Stereocomplex Crystallization and 
Mechanical Property of Poly(lactide)/Polyhedral Oligomeric 
Silsesquioxane Nanocomposites 
5.1 Introduction 
  Polyhedral oligomeric silsesquioxane (POSS) has a well-defined cage-like nanostructure of 
1 nm in diameter and is made of silicon and oxygen atoms linked together in a cubic form. The 
organic functional groups located at each corner of POSS could facilitate miscibility and/or 
covalent incorporation into organic polymers. POSS nanoparticles have been extensively used 
to modify thermal and mechanical properties of various organic polymers at the molecular 
level,149, 202-206 and more importantly, they are biocompatible as well. In this chapter, POSS 
with eight corners having alkyl alcohol functional groups are used to initiate the 
polymerization of PDLA to form POSS-g-PDLA, which is later blended with commercial 
PLLA to develop a PLLA/POSS-g-PDLA nanocomposites. The stereocomplex between PLLA 
and the grafted PDLA ensures strong matrix/filler interactions. The effect of POSS on the 
crystallization behaviors and mechanical properties of the nanocomposites are investigated. 
 
5.2 Experimental Section 
5.2.1 Materials 
PLLA (3051D, Mn = 130K) pellets were purchased from Natureworks. Octa 
(3-hydroxy-3-methylbutyldimethylsiloxy)-POSS was purchased from Hybrid Plastics (product 
number AL0136). Neat linear PDLA (Mn = 6000) was purchased from Polymer Source. 
D-lactide was purchased from PURAC Biochem. tin(II) 2-ethylhexanoate (95%, Sn(Oct)2) was 
purchased from Sigma Aldrich. Other chemicals were used as received. 
 
5.2.2 Synthesis of POSS-PDLA 
D-lactide monomer (8 g), Octa (3-hydroxy-3-methylbutyldimethylsiloxy)-POSS (AL0136, 
0.2 g, as initiators), Sn(Oct)2 (160 μL, as catalyst), and anhydrous toluene (∼50 mL) were 
charged into a round-bottom flask, and the flask was sealed, all done in a glovebox. A 
homogeneous mixture was obtained by stirring for 20 min and then stirred at 120 °C for 3 days 
under reflux using a condenser in N2. At the end of the reaction, the flask was cooled down to 
room temperature. At the flask bottom a layer (POSS-g-PDLA) was observed, which was 
separated from the rest of the solution and collected by dissolving in chloroform (200 mL), 





5.2.3 Fabrication of PLLA/POSS-g-PDLA nanocomposites 
Commercial PLLA was first dissolved in chloroform followed by adding POSS-g-PDLA. 
The concentration of the solution is around 100 mg/ml (totally 4 g of polymer in 40 ml of 
chloroform). The resulting clear solutions were then casted (at ambient condition for 12h and 
at 80 oC in vacuum for another 12 h) to form a PLLA/POSS-g-PDLA films. The films are 
designated as X%-POSS-D, where the X stands for the weight percentage of POSS-g-PDLA, 
i.e., 5%, 10%, 15% and 20%. Control samples denoted as X%-D were prepared accordingly 
using commercial neat linear PDLA. Neat PLLA films were prepared likewise without adding 
any PDLA species. Cold crystallized samples, including those of the stereocomplex 
nanocomposites and control samples, were obtained using DSC. The solution casting sample 
was sealed in the DSC aluminum pan and underwent the same thermal process as in the DSC 
experiments described later, except that the second heating scan was replaced by a ramp at 
10oC/min to 160oC (a point between cold crystallization and melting ), remaining isothermal 
for 5min and then quenching at 20oC/min to room temperature.  
 
5.2.4 Method and Equipment  
1H nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Ultrashield 600 
MHz/54 mm NMR spectrometer at room temperature using CDCl3 as the solvent. The 
differential scanning calorimetry (DSC) analysis for all of the samples was performed on TA 
Instrument Q100 under N2, following the method: equilibrate at 25 °C; ramp 10 °C /min to 
250 °C; isothermal for 5 min; ramp 10 °C/min to 25 °C; isothermal for 5 min; ramp X °C/min 
to 250 °C (X is 3, 5, 7, and 10). Wide-angle X-ray diffraction (WAXD) diffractograms were 
obtained at room temperature on a Bruker GADDS diffractometer with an area detector 
operating under a voltage of 40 kV and a current of 40 mA using Cu Kα radiation (=0.15418 
nm). The dumb-bell-shaped tensile specimens were punched with a CEAST hollow die punch 
(die type: ASTM D638 type V) from the casted nanocomposite films. Tensile properties were 
determined using an Instron 5569 universal tensile machine, at a tensile speed of 3.0 mm/min 
at room temperature. The tensile results were averaged from 5 specimens per batch. The 
sample thickness is around 0.5 mm. The tensile fracture morphology of the nanocomposites 
was observed on a field emission scanning electron microscope (FESEM) (JEOL JSM 6700F). 









5.3 Results and Discussion 
 
Figure 5.1. 1H NMR spectrum of POSS-PDLA. 
 
5.3.1 The characterization of POSS-g-PDLA 
The molecular weight of POSS-g-PDLA was measured by 1H NMR spectrum similarly to 
Chapter 2. The number average molecular weight (Mn) of the PDLA chains grafted on POSS is 
calculated to be 8400 as shown in Figure 5.1. As a comparison, the neat linear PDLA used for 
the control samples has a similar Mn, i.e. 6000. 
 
5.3.2 Crystallization Behaviors of the Stereocomplex Nanocomposites 
By using the same method described in Chapter 2, the crystallization activation energy Eav 
for the stereocomplex nanocomposites with different POSS-g-PDLA loadings and the 
corresponding control samples (linear PDLA blended with PLLA) were calculated as tabulated 
in Table 5.1. Compared with the control samples in which the stereocomplex is formed 
between neat linear PDLA and PLLA without POSS, the corresponding PLLA/POSS-g-PDLA 
stereocomplex nanocomposites have lowered Eav, especially at high loadings of 
POSS-g-PDLA. This demonstrates the conspicuous heterogeneous nucleating effect of POSS. 
The effect of POSS and stereocomplexation on the crystallization of PLA was further 
investigated by wide angle X-ray diffraction (WAXD). The crystallinities of the samples are 
tabulated in Table 5.1. It is shown that all the solution casting PLLA/POSS-g-PDLA 
nanocomposites have higher crystallinities than their corresponding control counterparts. Both 
stereocomplex and homocrystallites are enhanced by the incorporation of POSS, which further 
confirms the heterogeneous nucleating effect of POSS.  
It is worth mentioning that 3-dimensional POSS has different effects on PLA crystallization 
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compared with 2-D graphene oxide (Chapter 2), 2-D clay (Chapter 3) and 1-D carbon 
nanotubes (Chapter 4). For the 2-D and 1D nanofillers, although there exists heterogeneous 
nucleating effect in PLA matrix, crystallization in condense states is hindered by these fillers 
due to the division of polymer matrix by the fillers and low chain mobility resulting from 
confinement of polymer chains between fillers. For PLLA/POSS-g-PDLA nanocomposites 
however, the crystallization in condense states (cold crystallized samples) is not hindered as 
shown in Table 5.1. This is possibly caused by the small dimension of POSS which is only 1 
nm in diameter and could be considered as a tiny dot.  
 
Table 5.1. DSC and WAXD characterization data of PLLA, the stereocomplex nanocomposites 
and the control samples. 









Casting Cold  
crystallized Total αc scc 
5%-D 28.1 44.5±2.2 29.4 15.0 7.8±0.3 0.51 
5%-POSS-D 23.9 53.6±5.6 38.2 15.3 7.3±0.74 0.40 
10%-D 34.3 50.6±1.3 24.4 26.1 14.7±0.4 1.07 
10%-POSS-D 28.6 63.9±3.9 31.1 32.7 15.1±1.6 1.05 
15%-D 37.8 50.6±1.4 19.0 31.5 20.1±0.7 1.65 
15%-POSS-D 32.6 76.5±3.9 27.5 48.9 21.4±1.9 1.78 
20%-D 38.4 49.9±1.2 9.65 40.2 24.9±0.7 4.17 
20%-POSS-D 29.2 69.6±4.3 17.2 52.3 28.4±1.7 3.03 
PLLA - 40.3±1.2 - - - - 
a Eav is calculated, similarly to Chapter 2, using the DSC heating scans according to 
Kissinger’s method, i.e. , where β is the heating rate in 
, Tp is the maximum temperature of the cold crystallization peak in K, and R is the 
gas constant in .  
b The crystallinity is calculated by crystallinity=Ac/(Ac+Aa), where Ac and Aa are the areas of 
crystal peaks and amorphous peaks, respectively, in the WAXD diffractograms.  
c This crystallinity is for the homocrystallite (α) and sc-crystallite (sc) component, which is 
calculated from the total crystallinity and sc/α ratio.  
d This ratio is the area ratio of sc peaks (11.9o, 20.7o and 23.9o) and α peaks (14.7o, 16.6o, 





Figure 5.2. Stress-strain curves of PLLA and 10%-POSS-D. 
 
Table 5.2. Tensile mechanical properties of the PLLA/POSS-g-PDLA stereocomplex 
nanocomposites. 




Elongation at break 
(%) 
PLLA 2.1±0.3 31.5±0.7 11.5±3.1 
10%-POSS-D 2.7±0.3 39.8±3.2 4.7±1.5 
5.3.3 Mechanical Properties of the Stereocomplex Nanocomposites 
The effects of POSS-g-PDLA on the tensile mechanical properties of commercial PLLA are 
shown in Figure 5.2 and Table 5.2. It can be seen that Young’s modulus and tensile strength are 
substantially increased by the incorporation of POSS-g-PDLA. The significant reinforcement 
may arise from the strong stereocomplex matrix/filler interactions and good POSS dispersion. 
On the other hand, the nanocomposites become quite brittle with impaired elongation at break. 
The tensile facture surface of the nanocomposites is investigated by SEM as shown in Figure 
5.3. We can see that the facture surface is quite smooth, indicating a brittle facture during 
tensile tests. 
 





To summarize, PLA-POSS nanocomposites are successfully fabricated by blending 
commercial PLLA and POSS-g-PDLA, in which POSS-g-PDLA was synthesized by ring 
opening polymerization of D-lactide initiated by POSS. POSS shows heterogeneous nucleating 
effects on PLA crystallization in the nanocomposites. Compared with the 2-D and 1-D 
nanofillers, the tiny dot-like POSS has much less confinement on the cold crystallization of 
PLA. In terms of mechanical properties, the incorporation of POSS enhances the modulus and 































Chapter 6. Toughening Poly (lactide) Using Biodegradable 
“Core-shell” Rubber Particles: Synthesis and Mechanism 
6.1 Introduction 
In recent years, PLA’s bio-renewability as well as high modulus and strength has made it a 
promising alternative to petroleum-derived polymers.4 It has been used to produce fibers, films, 
vehicle interiors, food wares, food/beverage packages, etc.207 However, PLA has some 
drawbacks such as poor impact strength (~5 kJ/m2), small elongation at break (<10 %) and low 
heat deflection temperature (HDT) (<60 oC), which greatly hinders its large scale commercial 
applications.208  
In the previous 4 chapters, different rigid fillers were added into PLA for reinforcement. 
Stereocomplex formed between commercial PLLA and the grafted PDLA on the various 
nanofillers facilitates good matrix/filler interactions and improves load transfer from matrix to 
fillers, which hence results in substantial improvements in modulus and tensile strength of the 
resulting nanocomposites. On the other hand, compared with neat PLA, the PLA 
nanocomposites exhibit impaired elongation at break with the incorporation of rigid nanofillers, 
which leads to brittleness and places obstacles to real applications of these nanocomposites. 
Rubber toughening is a frequently used strategy to overcome the normal brittle response of 
PLA to deformation.209-212 For example, Liu et al.211 reported a novel PLA ternary blend system 
consisting of PLA, elastomeric ethylene-butyl acrylate-glycidyl methacrylate terpolymer 
(EBA-GMA), and zinc ionomer of ethylene-methyacrylic acid copolymer (EMAA-Zn), which 
is super-toughened (elongation at break is over 200 %) but still with moderate strength (tensile 
strength is over 35 MPa) and stiffness (tensile modulus is 2.2 GPa). In our previous work,209 
the synthesized poly (n-butyl acrylate)-graft-PLA (PBA-g-PLA) copolymer was used to 
toughen brittle PLLA and a great increase in elongation at break was obtained by blending 
PLLA with PBA-g-PDLA. One important strategy to enhance the toughening effect of rubber 
particles is to improve the matrix/rubber interaction. Liu et al.211 found that blending the 
ternary system at 240 C led to more PLLA chains grafted on rubbery EBA-GMA than at 185 
oC, which enhanced interfacial compatibility and hence improved notched impact strength 
(94.5 J/m for 180 oC and 777.2 J/m for 240 oC). In our previous work,209 while PBA-g-PDLA 
greatly toughened PLLA (elongation at break increased from 4.2 % to around 25 %), the 
blending of PLLA with PBA-g-PLLA resulted in only a slight increase in elongation at break 
(increased from 4.2 % to 7 %). It was believed that the formation of stereocomplex between 
PLLA and PDLA, which increased the interfacial adhesion between the matrix and rubber, 
contributed significantly in toughening PLLA. 209 However, the incorporation of rubber phases 
leads to a reduction in modulus and tensile strength of the resulting composites. Furthermore, 
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the rubber phases used in toughening PLA are mainly based on synthetic rubber such as 
EBA-GMA, PBA or poly (styrene-butadiene-styrene) (SBS) which are non-biodegradable.   
In this chapter, to improve both strength and toughenss of PLA, rubber layers are inserted 
between POSS and PDLA of POSS-graft-PDLA. Our hypothesis is that when 
POSS-rubber-PDLA is blended with commercial PLLA, PDLA could ensure strong 
filler/matrix interactions and the rubber layer may collaborate with rigid POSS to enhance 
strength and toughness of PLA simultaneously. 
Based on this hypothesis, core-shell rubber-like particles for toughening PLLA matrix were 
developed in this research as shown in Scheme 6.1, in which the novel core-shell rubber-like 
particle has a three-layer structure: 1) The inner core consists of polyhedral oligomeric 
silsesquioxane (POSS) with eight corners having alkyl alcohol functional groups which could 
initiate the subsequent ring opening polymerization (ROP) of -caprolactone (-CL) and 
lactide monomers. POSS has been extensively used to modify thermal and mechanical 
properties of organic polymers,149, 202-206 and more importantly, it is biocompatible as well. 
Therein, Lee et al. 206 used POSS as initiators in ROP of lactide to synthesize POSS-PLAs, 
which was then blended with neat PLA. The resulting PLA/POSS-PLAs nanocomposites 
showed improved thermal and thermooxidative properties and faster crystallization rates. Pan 
et al. 149 fabricated PLA/POSS nanocomposites via solution and coagulation method, which 
exhibit an apparent improvement in storage modulus compared with neat PLA. 2) The middle 
layer is a random copolymer of poly (caprolactone-co-lactide) (PCLLA) synthesized via ROP 
to serve as the rubber-like phase, which is covalently linked to POSS cage and later to the 
outer layer. Poly (-caprolactone) (PCL) is known for its nontoxicity, degradability, and 
permeability.213 Random and block copolymers of -CL and LA have been studied with great 
interests.88, 89, 213-216 In particular, the mechanical properties of PCLLA copolymer can be 
altered by changing the monomer content, and the physically cross-linked structure of PCLLA 
exhibits rubber-like elasticity217 and yet PCLLA is fully biodegradable. 3) Finally the outer 
layer consisting of poly (D-lactide) (PDLA) was grafted onto the rubber-like middle shell. The 
formation of stereocomplex between the PDLA shell and PLLA matrix could facilitate a strong 
interaction between the rubber-like particles and the polymer matrix, leading to an effective 
force transfer from matrix to rubber particles.  
By blending the synthesized core-shell rubber-like particles and commercial PLLA, the 
resulting nanocomposite exhibits a ten-fold increase in elongation at break while maintains 
other mechanical properties such as Young’s modulus and tensile strength. The strong 
enhancement in mechanical property could be attributed to the existence of strong 
stereocomplex interaction between the matrix and rubber particles, good particle dispersion, 




Scheme 6.1. Synthesis of POSS-rubber-D core-shell particles by ring opening polymerization. 
 
6.2 Experimental Section 
6.2.1 Materials 
D-lactide and L-lactide monomers (99.5 %) were received from Purac and recrystallized in 
ethyl acetate three times. -Caprolactone (-CL) was purchased from Sigma-Aldrich and 
filtered in glovebox after overnight stirring with fresh calcium hydride powder. PLLA (3051D, 
containing about 96.5 % L-lactide, Mw being 160000 with a polydispersity of 1.7) pellets were 
purchased from Natureworks. Octa (3-hydroxy-3-methylbutyldimethylsiloxy)-POSS was 
purchased from Hybrid Plastics (product number AL0136). tin (II)2-ethylhexanoate (95 %, 
Sn(Oct)2) and anhydrous toluene, both from Sigma-Aldrich, were adopted as the catalyst and 
 78 
 
solvent for the ROP. Lactide and POSS were dried at 40 oC in vacuum oven overnight prior to 
use. All other chemicals were used as received. 
 
6.2.2 Synthesis of POSS-rubber-D core-shell toughening particles 
A two-step ring opening polymerization reaction was utilized to synthesize the 
POSS-rubber-D core-shell particles (Scheme 6.1). As the first step, POSS-rubber was 
synthesized via ROP of L-lactide and -CL (molar ratio is 1:1), initiated by tertiary alcohol 
groups on the AL0136 POSS. Specifically, AL0136 POSS (0.202 g, 0.118 mmol, as initiators), 
-CL (2.706 g, 23.7 mmol), L-lactide (3.418 g, 23.7 mmol), Sn(Oct)2 (160 uL, as catalyst) and 
anhydrous toluene (60 ml) were mixed into a 150 ml round bottom flask, which is done in the 
glovebox. The mixture was vigorously stirred at room temperature for 5 min and then at 
120 °C under reflux in Ar using a condenser. After 20 h of stirring, 2 ml reaction mixture was 
withdrawn and precipitated in excess methanol. The precipitated sticky POSS-rubber polymer, 
denoted as POSS-rubber, was collected by centrifugation and methanol washed for 3 times. As 
the second step, D-lactide (13.672 g, 94.9 mmol) was charged into the reaction mixture under 
Ar immediately after POSS-rubber withdrawal and the stirring continued for another 40 h. At 
the end of the reaction, the reaction mixture became quite viscous. The POSS-rubber-PDLA 
polymer, denoted as POSS-rubber-D, was collected by dissolving in chloroform, precipitating 
in excess methanol (300 ml) and filtering with methanol wash. Both POSS-rubber and 
POSS-rubber-D were dried at 40 oC in vacuum oven overnight. 19.6 g of POSS-rubber-D was 
obtained in 98% yield (by weight). Theoretically, the resulting POSS-rubber-D has eight arms 
and each arm has an inner rubber-like segment (25 units of -CL and 25 units of L-lactide) and 
an outer PDLA segment (100 units of D-lactide), thus the total molecular weight, Mn, of the 
particle being 168665 g/mol.  
 
6.2.3 Fabrication of biodegradable core-shell-particle-toughened nanocomposites 
Commercial PLLA was first dissolved in chloroform followed by adding POSS-rubber-D. 
The concentration of the solution is around 100 mg/ml (totally 4 g of polymer in 40 ml of 
chloroform). The resulting clear solutions were then casted (at ambient condition for 12 h and 
at 80 oC in vacuum for another 12 h) to form nanocomposite films with different 
POSS-rubber-D contents denoted as X%-POSS-rubber-D, where X stands for POSS-rubber-D 
content, that is, 20 wt %, 15 wt %, 10 wt % and 5 wt %. Neat PLLA films were prepared 
likewise without adding POSS-rubber-D. The thickness of all films is around 0.5 mm. All the 
samples were placed in dry cabinet at 25 oC before characterizations. 
 
6.2.4 Characterizations 
Fourier transform infrared spectroscopy (FT-IR) spectra were recorded on a PerkinElmer 
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spectrum 2000 spectrometer at a resolution of 1 cm−1. 1H and 13C nuclear magnetic resonance 
(NMR) spectra were recorded on a Bruker 400 MHz NMR spectrometer at room temperature 
using CDCl3 as the solvent. Thermogravimetric analysis (TGA) was performed on a 
PerkinElmer TGA 7 thermogravimetric analyzer in air environment at a heating rate of 20 
oC/min from 30 oC to 900 oC. The differential scanning calorimetry (DSC) analyses for all of 
the samples were performed on TA Instrument Q100 under N2. Normal DSC follows the 
method: equilibrate at 25 °C; ramp 10 °C /min to 250 °C. To measure Tg of related polymers, 
modulated DSC (MDSC), which could provide reversing heat flow of materials, was employed 
using the method: equilibrate at 25 °C; ramp 20 °C /min to 230 °C; isothermal for 5 min; ramp 
20 °C /min to -80 °C; isothermal for 2 min; modulate +/- 2.00 °C every 40 seconds; ramp 
10 °C /min to 230 °C. Wide-angle X-ray diffraction (WAXD) diffractograms were obtained at 
room temperature on a Bruker GADDS diffractometer with an area detector operating under a 
voltage of 40 kV and a current of 40 mA using Cu Kα radiation (=0.15418 nm). Gel 
permeation chromatography (GPC) analyses were carried out for POSS-rubber and 
POSS-rubber-D polymers dissolved in THF at a concentration of 2 mg/mL against poly 
(methyl methacrylate) (PMMA) standards in THF at 25 oC with a flow rate of 1 mL/min. The 
GPC system is a Waters 2690 fitted with an evaporative light scattering detector (Waters 2420), 
and three Phenomenex linear 5 mm Styragel columns (500, 104, and 106 Å) were used in the 
system. Dynamic light scattering (DLS) was utilized to measure the apparent hydrodynamic 
radius, Rh, of related polymers, at 25 oC with a Brookhaven BI-200SM multiangle goniometer 
equipped with a Brookhaven BI-APD avalanche photodiode detector. The light source is a 35 
mW He-Ne laser emitting vertically polarized light of 632.8 nm wavelength. Static light 
scattering (SLS) was carried out on the same equipment to measure the radius of gyration, Rg, 
of related polymers. The solvent used in light scattering tests was chloroform. All the solutions 
were freshly prepared and equilibrated for 1 day prior to light scattering tests. The 
dumb-bell-shaped tensile specimens were punched with a CEAST hollow die punch (die type: 
ASTM D638 type V) from the casted nanocomposite films. Tensile properties were determined 
using an Instron 5569 universal tensile machine, at a tensile speed of 1.0 mm/min at room 
temperature. The tensile results were averaged from 5 specimens per batch. The tensile facture 
morphology of the nanocomposites was observed on a field emission scanning electron 






Figure 6.1. (a) 1H NMR spectra of POSS-rubber-D and POSS-rubber; (b) 13C NMR spectrum 
(C=O signals only) of POSS-rubber. 
 
Table 6.1. DSC, NMR and TGA analysis of the synthesized star polymers. 

















POSS-rubber -7 82.7 - 5546 2.94 1.43 2.43 2.09 3.03 0.40 1.63 
POSS-rubber-D 37 150.3 191.7 20643 12.50 0.74 - - - - 0.45 
PLLAh (Mn:6000, 
Ð: 1.16 ) 
51 150.3 - - - - - - - - - 
a Tg is calculated from reversing heat flow traces of modulated DSC in the second heating run; 
Tm,homo and Tm,sc are the melting temperature of homocrystallites and sc-crystallites 
respectively, which are determined from the first heating run in normal DSC.  
b Mn of one arm of the star polymer estimated by 1H NMR. 
c These are the intensity ratios of corresponding peaks labeled in Figure 6.1. 
d Average block length calculated from 1H NMR signals of CL units (b and b’ in Figure 6.1) by 
using LCL=(ICL-CL/ICL-LA)+1. ICL-CL and ICL-LA are the intensities of signals representing CL-CL 
bonds and CL-LA crossover bonds, respectively. 
e Average block length calculated from 13C NMR signals of CL units (f and f’ in Figure 6.1) by 
using LCL=(ICL-CL/ICL-LA)+1. ICL-CL and ICL-LA are the intensities of signals representing CL-CL 
bonds and CL-LA crossover bonds, respectively. 
f Average block length calculated from 13C NMR signals of lactyl units (g and g’ in Figure 6.1) 
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by using LLA=(ILA-LA/ILA-CL)+1. ILA-LA and ILA-CL are the intensities of signals representing 
LA-LA bonds and LA-CL crossover bonds, respectively. 
g Molar ratio determined by intensities of 13C NMR peaks in Figure 6.1, i.e., f, f’, g and g’. 
h This is commercial PLLA in powder form (P9907-LA, L-form, from Polymer Source®) 
 
6.3 Results and Discussion 
6.3.1 Synthesis of POSS-rubber-D Core-Shell Particles 
POSS-rubber-D is synthesized via ring opening polymerization in two steps. In the first step, 
PCLLA copolymer (POSS-rubber) is synthesized, whose randomness can be estimated by 
NMR. As can be seen in Figure 6.1, the joint of a lactyl block and a -CL block shows 
different 1H NMR peaks (“a’”, “b’” and “c’”) and 13C NMR peaks (“f’” and “g’”)from either 
block (“a” and “g” for lactyl blocks; “b”, “c” and “f” for -CL blocks).88, 89 By using the 
intensity ratios of the corresponding peaks, average block lengths of lactyl units and -CL units 
can be calculated to be 3.03 and 2.09 respectively (Table 6.1).  A block length of 2.00 
corresponds to a random sequence.89 Therefore, it could be demonstrated that the PCLLA 
copolymer has a quasi-random structure where -CL units are of a random distribution while 
lactyl units exhibit blockiness. In addition, there are around twice as many lactyl units as -CL 
units (CL/lactyl: 0.40, Table 6.1), which is consistent with the feeding ratio of L-lactide and 
-CL. In the second step, PDLA chains are grafted to PCLLA copolymer chains to form 
POSS-rubber-D, which is evidenced by 1H NMR. From Figure 6.1 and Table 6.1, we can see 
that the intensity of peak “a”, which corresponds to methine protons within lactyl blocks, 
increases significantly. In POSS-rubber, peak “d” and “e”, corresponding to terminal methine 
and methylene of lactyl and -CL respectively, have identical intensities, demonstrating that 
half the polymer chains terminate with -CL, while in POSS-rubber-D, only peak “d” can be 
seen, providing a confirmation of the grafting of PDLA in the second step. In addition, 
intensity ratio b/b’ decreases in POSS-rubber-D (Table 6.1), possibly demonstrating that -CL 
monomers are not fully polymerized in the synthesis of POSS-rubber and the remaining -CL 
mostly act as joints in the subsequent polymerization with excess D-lactide. TGA reveals that 
siloxane content in POSS-rubber-D is 0.45 % (Table 6.1), which is consistent with the feeding 
amount (0.46 %) and confirms the almost 100% yield of POSS-rubber-D. Yet, POSS-rubber 
has more siloxane content (1.63 %) than the feeding amount (1.47 %), also suggesting that 
monomers are not fully polymerized in POSS-rubber synthesis. From TGA results, the rubber 
content in POSS-rubber-D is calculated to be ~28.5 wt%. The molecular weights of the 
synthesized polymers are characterized by 1H NMR (Table 6.1) 
 
6.3.2 Thermal property of POSS-rubber-D Core-Shell particles 
The thermal property of the core-shell particles was studied using modulated DSC. When 
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POSS was grafted with PCLLA without the outer layer of PDLA, the resulting POSS-rubber 
particles exhibit a glass transition temperature at about -7 oC (Table 6.1) revealing the rubbery 
characteristic of POSS-rubber at room temperature. It is worth noting that WAXD 
diffractogram of POSS-rubber particles (Figure 6.2f) exhibits peaks characteristic of -form 
PLA homocrystallites, although PCLLA was derived from copolymerization of mixture of the 
two monomers. This agrees with NMR findings, i.e., lactyl units in PCLLA are of a blocky 
distribution. On the other hand, the melting temperature of the homocrystallites in PCLLA is 
quite low, at about 82.67 oC (Table 6.1), which is much lower than the pure PLLA melting 
temperature of 150 C. This indicates that the homocrystallites in PCLLA are imperfect due to 
the polymer’s quasi-random nature revealed by NMR. 
 
Figure 6.2. WAXD diffractograms of the casted nanocomposite films (a: PLLA; b: 
5%-POSS-rubber-D; c: 10%-POSS-rubber-D; d: 15%-POSS-rubber-D; e: 
20%-POSS-rubber-D), POSS-rubber (f) and POSS-rubber-D (g).  stands for -form 
homocrystallites,174 and sc stands for stereocomplex crystallite.175 
 
When PDLA was grafted onto the POSS-rubber particles to form POSS-rubber-D, only one 
Tg was detected at 37 oC which sits in between Tg of POSS-rubber (-7 oC) and pure PLLA (51 
oC for Mn 6000, Table 6.1). The effect of outer PDLA on the Tg of PCLLA could be twofold: 
First, the PDLA chains are directly linked with the rubber-like chains, which reduces mobility 
of the rubber phase and moves the rubber Tg to a higher temperature. Second, in addition to 
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homocrystallites, stereocomplex is also observed in POSS-rubber-D as shown by WAXD in 
Figure 6.2g, indicating that the PDLA chains interact with the L-lactyl blocks of PCLLA 
copolymer to form stereocomplex. The formation of homocrystallites and stereocomplex 
would further confine the rubber-like phase. All these could lead to an increase in Tg of the 
rubber-like phase while reduce Tg of PDLA. On the other hand, the stereocomplex formed 
between PDLA and L-lactyl blocks melts at only 191.7 oC (Table 6.1), which is lower than the 
normal stereocomplex melting point of 210 oC (Figure 6.3b). This again suggests that L-lactyl 
blocks in PCLLA are short and the core-shell rubber particles could only form small 
stereocomplex crystallites.  
 
 
Scheme 6.2. The assumption model for calculated radii (Rc) of POSS-rubber-D, PLLA and 





Table 6.2. Light scattering characterization data of POSS-rubber-D, commercial PLLA and 
PLLA/POSS-rubber-D mixture. 
Sample Rg (nm) Rh
b (nm) Rc
c (nm) Rg/Rh 
POSS-rubber-D 259±31 930±60 112 0.28 
PLLA 334±18 292±16 239 1.14 
PLLA/POSS-rubber-Da 339±48 406±93 514 0.83 
a PLLA and POSS-rubber-D are mixed in a PLLA/POSS-rubber-D weight ratio of 90:10. 
Considering molecular weights (Mn, PLLA=~94117 and Mn, POSS-rubber-D (8 arms) =165144 (1H NMR)), 
there are 16 PLLA chains on average for each POSS-rubber-D particle, namely 2 PLLA chains 
for each rubber-PDLA arm.  
b The concentration of all the chloroform solutions for Rh measurement is 2 mg/ml. 
c Rc is the calculated radius of a single particle according to reported bond lengths and bond 
angles,1, 218 based on the assumption that polymer chains are stretched without bending or 
twisting (refer to Scheme 6.2). 
 




6.3.3 Solution Characteristics of POSS-rubber-D Core-Shell Particles 
The hydrodynamic radius, Rh, and radius of gyration, Rg, of POSS-rubber-D, PLLA and 
PLLA/POSS-rubber-D mixture in chloroform are measured by DLS and SLS. As shown in 
Table 6.2, POSS-rubber-D has a Rg/Rh of 0.28, which is well below the “hard sphere” value 
(0.75).219 This may be interpreted as that the PDLA chains of POSS-rubber-D are dangling in 
ambient chloroform and produce a much softer decay in segment density, thus the 
hydrodynamic radius of POSS-rubber-D being much larger than a “hard sphere” with a 
well-defined surface. On the other hand, PLLA has a Rg/Rh of 1.14, presenting a random coil 
structure. When PLLA and POSS-rubber-D are mixed together, in a weight ratio of 90:10, 
Rg/Rh becomes 0.83, which is closer to the “hard sphere” value and indicates the formation of 
more compact particles. This change of conformation could stem from the crosslinking 
stereocomplexation that occurs between PLLA and the dangling PDLA chains of 
POSS-rubber-D. By comparing Rh and the calculated single particle radii, Rc, in Table 6.2, we 
can see that for POSS-rubber-D Rh is much larger than Rc indicating the formation of 
aggregates. It is interesting to know that when stereocomplex is formed between 
POSS-rubber-D aggregates and PLLA polymer, the aggregation reduces significantly. For a 
solution blend obtained from 10%-POSS-rubber-D with 90 wt% of PLLA, the hydrodynamic 
radius is reduced to about 400 nm from the original 930 nm. The possible explanation for the 
high hydrodynamic radius observed for POSS-rubber-D is that these particles could have 
strong inter-particle interactions due to stereocomplexation to form an interdigitated structure 
among them (Scheme 6.3). As shown by DSC in Figure 6.3b, the stereocomplex melting point 
(191.7 oC) was observed for POSS-rubber-D in condensed states, albeit exhibits a smaller heat 
of fusion. As discussed previously, the formation of stereocomplex between the outer PDLA 
layer and the inner PCLLA is limited due to quasi-random nature of PCLLA which could not 
provide long PLLA segments. When the PLLA polymer was blended with the POSS-rubber-D 
particles, stronger stereocomplexation could occur due to longer PLLA chains which could 
form more stable stereocomplex with the PDLA of POSS-rubber-D. This is evidenced by the 
DSC data of 10%-POSS-rubber-D (Figure 6.3b) which shows a much bigger stereocomplex 
heat of fusion than that of POSS-rubber-D alone.  Consequently, the aggregation of 
POSS-rubber-D particles was reduced when they were blended with commercial PLLA, as 
illustrated in Scheme 6.3. This is important for preparation of nanocomposites based on 





Scheme 6.3. A schematic representation of the particle conformations in chloroform solutions. 
 
6.3.4 PLA Nanocomposites in Condense States 
Figure 6.3a shows the FT-IR spectra of neat PLLA and the biodegradable PLA 
nanocomposites formed between POSS-rubber-D and PLLA. The IR absorptions at 921 cm-1 
and 908 cm-1 are ascribed to the homocrystallites formed in neat PLLA and sc-crystallites 
formed between PLLA and PDLA respectively.173 From Figure 6.3a, we can see that with the 
increase in POSS-rubber-D content, the 921 cm-1absorption is gradually weakened while the 
908 cm-1 absorption becomes predominant, clearly indicating stereocomplex formation 
between PLLA matrix and POSS-rubber-D. 
Table 6.3. WAXD data of the core-shell-particle-toughened PLLA nanocomposites. 
Sample Crystallinitya (%) 
Total b sc
b 
beforec afterd before after before after 
PLLA 58.9±4.6 50.7±1.7 58.9 50.7 - - 
5%-POSS-rubber-D 62.1±3.2 34.6±4.3 47.2 21.3 14.9 13.7 
10%-POSS-rubber-D 57.7±1.1 32.3±2.0 40.8 18.6 16.9 13.7 
15%-POSS-rubber-D 48.7±4.3 39.9±6.4 26.8 19.3 21.9 20.7 
20%-POSS-rubber-D 47.0±1.9 44.9±2.7 20.3 18.2 26.8 26.7 
a The crystallinity is calculated by crystallinity=Ac/(Ac+Aa), where Ac and Aa are the areas of 
crystal peaks and amorphous peaks, respectively, in the WAXD diffractograms.  
b This crystallinity is for the homocrystallite () or sc-crystallite (sc) component, calculated by 
crystallinitysc=Asc/(Ac+Aa) or crystallinityα=Aα/(Ac+Aa), where Asc and A are the areas of 
sc-crystallite peaks and homocrystallite peaks respectively in the WAXD diffractograms.  
c This is calculated from WAXD diffractograms of the as-prepared nanocomposite samples 
before tensile tests.  
d This is calculated from WAXD diffractograms of the deformed part of the tensile samples 




DSC and WAXD were further used to confirm the stereocomplex formation between PLLA 
matrix and POSS-rubber-D. In Figure 6.3b, for the solution casted neat PLLA, there is only 
one melting peak at around 150 °C, corresponding to homocrystallites, while for the 
nanocomposite films, an additional melting peak at around 210 °C corresponding to 
sc-crystallites can be observed. It is seen that with increasing POSS-rubber-D content the 
intensity of sc-crystallite peak increases while that of homocrystallite peak decreases, which 
indicates the formation of sc-crystallites between PLLA and POSS-rubber-D. WAXD 
diffractograms of the as-prepared solution casted samples are shown in Figure 6.2. Neat PLLA 
exhibits diffraction peaks at 2=14.7°, 16.6°, 19.1°, and 22.2°, characteristic of -form 
homocrystallites formed in PLLA,174 while the nanocomposites exhibit additional peaks at 2 
= 11.9°, 20.7°, and 23.9°, characteristic of the sc-crystallites.175 The crystallinities of the 
solution casted nanocomposite samples are tabulated in Table 6.3, where we can see that with 
increasing POSS-rubber-D content homo-crystallinities () decrease while sc-crystallinities (sc) 
increase, again confirming the stereocomplex formation between PLLA matrix and 
POSS-rubber-D. 
 
Figure 6.4. Stress-strain curves of PLLA and PLLA/POSS-rubber-D nanocomposites. 
 















PLLA 2.1±0.3 11.5±3.1 31.5±0.7 28.9±1.6 
5%-POSS-rubber-D 2.2±0.3 64.2±18.9 33.3±2.6 26.3±1.4 
10%-POSS-rubber-D 2.0±0.2 131.6±10.7 29.8±1.1 26.0±0.9 
15%-POSS-rubber-D 2.4±0.2 46.6±14.8 34.8±3.2 28.2±0.9 
20%-POSS-rubber-D 2.6±0.4 29.6±12.3 45.4±6.7 35.9±6.1 
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6.3.5 Mechanical Property of the Biodegradable PLA Nanocomposites 
The effects of adding POSS-rubber-D core-shell particles on the tensile mechanical 
properties of PLA are shown in Figure 6.4 and Table 6.4. It is seen that elongation at break 
increases immensely with POSS-rubber-D content first and then drops with excess 
POSS-rubber-D, which gives an optimum POSS-rubber-D content, i.e., 10 wt%. An over 
10-fold improvement in elongation was observed, i.e., ~11.5 % for brittle neat PLLA and 
~131.6 % for 10%-POSS-rubber-D/PLLA, which is considerable noting that the PCLLA 
rubber phase content in the 10%-POSS-rubber-D nanocomposite is only ~2.85 wt% (estimated 
from TGA results). More interestingly, the merits of neat PLLA in mechanical properties like 
Young’s modulus, tensile strength and tensile stress at break are not impaired by the addition 
of POSS-rubber-D. On the contrary, there is even an enhancement in these properties for 
15%-POSS-rubber-D and 20%-POSS-rubber-D. The greatly enhanced elongation at break, the 
maintained merits of PLA and the full biodegradability endow the PLA nanocomposites with a 
good potential in real applications, e.g., food packaging and medical device fabrication. 
The mechanism behind the excellent mechanical enhancement is further elucidated by 
WAXD and SEM studies. Table 6.3 tabulates the WAXD-derived crystallinity information of 
the nanocomposites. By analysing the crystallinities of nanocomposites before and after tensile 
tests, one can see that deformation and orientation lead to re-arrangement of polymer chains 
and breakdown of crystallites as shown in Table 6.3. Further analysis shows that the reduction 
of crystallinity mainly originates from the breakdown of homo-component () while 
sc-crystallinity is hardly changed during the tensile deformation. This suggests that under 
tensile forces the stereocomplex structure is more stable than  phase crystallites possibly due 
to extra hydrogen bonds in the formation of sc-crystallites,45 which ensures strong 
rubber/matrix interactions and thus contributes to the mechanical enhancement of the 
nanocomposites. Moreover, as revealed by light scattering experiments, the stereocomplex 





Figure 6.5. SEM images of fractured samples after tensile tests: (a-e) surfaces of the deformed 
part, where the double-head arrows show the tensile direction, and (f-g) facture surfaces. (a) 
PLLA; (b) 5%-POSS-rubber-D; (c) 10%-POSS-rubber-D; (d) 15%-POSS-rubber-D; (e) 
20%-POSS-rubber-D; (f) PLLA; (g) 10%-POSS-rubber-D. The insets of (a-e) are enlargements 
of the corresponding areas in the rectangles. 
 
Figure 6.5 shows the morphology of the fractured samples after tensile tests. The surface of 
neat PLLA’s deformed part consists of grain-like areas whose boundary is composed of 
microcracks (inset of Figure 6.5a), thus energy absorption being low and the material being 
brittle. Whereas in the PLLA/POSS-rubber-D nanocomposites, rubber particles may act as 
craze initiators and crazing can be the main toughening mechanism.220 The number of craze 
nucleation sites increases with POSS-rubber-D content and crazes are visible in the deformed 
part of the rubber reinforced nanocomposites, as pointed by the small arrows in Figure 6.5b-e. 
At reasonable POSS-rubber-D contents (e.g. 5 wt% and 10 wt%), each craze nucleus was able 
to fully develop into a mature craze, which is the source of energy absorption and thus 
improves the toughness of the nanocomposites. Consequently, 10%-POSS-rubber-D shows a 
much rougher facture surface than neat PLLA (Figure 6.5f and 6.5g). On the other hand, crazes 
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are also the source of polymer breakdown.220 When the number of craze nucleation sites is too 
large with excess POSS-rubber-D (e.g. 15 wt% and 20 wt%), the inter-particle (or inter-craze) 
distance may not be big enough for the craze to fully develop, as a result, the multi-crazes will 
merge and form cracks, and hence the toughening effect is reduced. In contrast, when 
commercial PLLA was blended with POSS-PDLA without rubber phases as the craze initiators, 
the resulting control sample became even more brittle than neat PLLA with an elongation at 
break of only ~5 % (Chapter 5). 
Besides, it is also worth mentioning the 3D star architecture of POSS-rubber-D. The star 
polymer with 8 arms of PCLLA+PDLA is capable of forming good crosslinking with PLLA 
matrix through stereocomplexation, which may be the possible origin of the maintained high 
modulus and tensile strength of PLA. Furthermore, the rubber-like phase accounts for only a 
low percentage (2.85 wt% for 10%-POSS-rubber-D) in the nanocomposites and thus, 
according to “rule of mixture” 221 in modulus calculation, could hardly impair the matrix’s 
modulus and tensile strength. 
 
6.4 Summaries 
A core-shell-particle-toughened PLA-based nanocomposite was successfully fabricated by 
solution blending of commercial PLLA and POSS-rubber-D, where POSS-rubber-D was 
synthesized via ring opening polymerization of L-lactide/-CL as the PCLLA rubber core and 
D-lactide as the PDLA shell. The quasi-random sequence of PCLLA copolymer and the 
subsequent grafting of PDLA chains were verified by NMR. The rubbery characteristic of 
PCLLA at room temperature was confirmed by MDSC. The POSS-rubber-D core-shell 
particles greatly toughened PLA by an over ten-fold increase in elongation at break while 
maintaining PLA’s high modulus and tensile strength. Light scattering studies showed that 
stereocomplex interactions between PLLA matrix and POSS-rubber-D could facilitate the 
dispersion of POSS-rubber-D in chloroform, which is favourable to the mechanical 
enhancement. FTIR, DSC and WAXD confirm that stereocomplex is formed between PLLA 
and POSS-rubber-D, which provides a strong matrix/rubber interaction and thus contributes to 
the improved mechanical properties. Crazing is another important toughening mechanism. 
Crazes are initiated by POSS-rubber-D particles under tensile forces and can serve as sources 
of energy absorption. In addition, stereocomplex crosslinking and low rubber content are the 
possible origins of the maintained high modulus and tensile strength of PLA. The toughened 
and biodegradable PLA nanocomposites have a good potential in real applications, e.g., food 





Chapter 7. Overcome the Conflict between Strength and 
Toughness in Poly (lactide) Composites through Tailoring the 
Interface 
7.1 Introduction 
In last chapter, the structure of rigid POSS grafted with rubber shed some light on the 
enhancement of both strength and toughness of PLA. In this chapter, the strategy will be 
extended to graphene oxide as the rigid structure and attempts will be made to prove and 
summarise the strategy of overcoming the conflict of strength and toughness in PLA. 
The attainment of both strength and toughness (damage tolerance) is crucial for most 
polymer structural materials, in which strength is the stress representing a material’s resistance 
to non-recoverable plastic deformation (at least in ductile materials), while toughness is a 
material’s resistance to fracture and is measured by the energy needed to cause fracture.222 
However, strength and toughness in most materials are mutually exclusive, which is not 
desirable for high-performance applications. For example, polymers reinforced by inorganic 
fillers, such as clay110, 111, 223, graphene oxide118, 224, 225 and carbon nanotubes226, have improved 
modulus and tensile strength, but at the same time the ductility of the polymers may be 
inevitably sacrificed. On the other hand, brittle polymers can be effectively toughened by the 
addition of rubber phases, which however tend to plastically deform more easily.209, 211, 227 
Attempts have been made to overcome the conflict between strength and toughness in polymer 
materials, among which layer-by-layer assembly of rigid fillers and polymers is quite a 
promising technique.196, 228, 229 The achievement of both strength and toughness is mainly 
attributed to the efficient filler-polymer binding and the unidirectional filler distribution. 
However, the layer-by-layer methods are tedious and limited to only thin film fabrication, 
which could not be applied on a large scale. 
Evolution has created many biological structures which exhibit both high strength and high 
toughness characteristics. Among nature’s various designs of damage-tolerant materials, nacre 
is an excellent example which possesses a “brick-and-mortar” structure as shown in Figure 
7.1a. The “bricks” are platelets of mineral aragonite accounting for around 95 wt% of the 
structure, glued together by organic biopolymer “mortar”.222, 230-232 The mineral platelets are 
responsible for the high strength, while the organic “mortar” functions to allow some 
movement between mineral platelets thus relieving locally high stress. Yet this movement must 
be within ~1 μm to maintain the material’s strength which is achieved by “mineral bridges” 
linking the platelets233 (Figure 7.1a). The resulting hybrid material exhibits facture toughness 
much higher than either constituent phase.230, 232 In some ancient architecture, human wisdom 
of combining both strength and toughness has been embodied. For example in ancient China, 
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important buildings/structures, such as the Great Wall (Figure 7.1b), were constructed by 
bricks bonded with sticky rice-lime mortar,234, 235 which could be considered as one of the 
oldest cases in biomimetic practice. The organic-inorganic sticky rice-lime composite mortar 
was better than pure inorganic ones in bonding property, toughness and waterproofness, which 
together with the bricks helped many ancient Chinese buildings go through wars and disasters. 
Recently, bioinspired by nacre, various refined ceramic materials have been reported.236-241 For 
example, Munch et al.239 fabricated “brick-and-mortar” 85 vol% alumina ceramic–PMMA 
hybrid materials in bulk form, which possess strengths comparable to pure alumina but 
fracture toughness an order of magnitude larger. 
 
Figure 7.1. “Brick-and-mortar” structures to overcome the conflict of strength and toughness. 
(a) The cross section of nacre exhibits a natural “brick-and-mortar” structure. (b) The Great 
Wall, having stood for up to 2000 years, was also built in a “brick-and-mortar” structure. 
 
Here, we propose and demonstrate an effective and practical approach to simultaneously 
strengthen and toughen commercial PLLA by using a “reinforcing element” resembling the 
basic unit of nacre, i.e., a rigid-rubber structure unit in which a rigid GO sheet is coupled with 
poly (caprolactone-co-lactide) (PCLLA) rubbery layers. The advantage of this approach is that 
this reinforcing element can be easily synthesized and incorporated into PLLA matrix to form 
composites. According to our bioinspired hypothesis, the key to the reinforcement lies in the 
well-tailored interface formed between rigid GO and PLLA matrix which consists of two 
levels (Figure 7.2a): (1) PCLLA was covalently grafted onto GO via ring opening 
polymerization as the rubbery layer, which has a judicially designed Tg and hence could serve 
to effectively relieve stress. The Tg of PCLLA layers should be lower than that of PLLA matrix 
and also be lower than the operation temperature.242 Poly (-caprolactone) (PCL) is known for 
its nontoxicity, degradability, and permeability.213 Random and block copolymers of -CL and 
LA have been studied with great interests.88, 89, 213, 215 In particular, the mechanical properties of 
PCLLA copolymer can be altered by changing the monomer content, and the physically 
cross-linked structure of PCLLA exhibits rubber-like elasticity217 and yet PCLLA is fully 
biodegradable; (2) Poly (D-lactide) (PDLA) was further polymerized onto PCLLA as the 
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compatibilizer. The formation of stereocomplex between the PDLA compatibilizer and PLLA 
matrix could facilitate matrix/filler interactions, thus ensuring sufficient force transfer and 
better filler dispersion. To verify the rigid-rubber structure unit concept, three control 
composite systems were also prepared as illustrated in Figure 7.2b-d. 
 
Figure 7.2. Four composite systems proposed to verify the rigid-rubber structure unit concept. 
(a) The experimental system where GO-rubber-D, the rigid-rubber structure unit, is blended 
with PLLA pellets to form PLLA/GO-rubber-D composites with a two-level filler/matrix 
interface. (b-d) Control systems to help explaining the mechanisms behind the reinforcement 
of the composites. (b) The control system where the rubber is removed leaving only PDLA 
grafted onto rigid GO filler directly, i.e., GO-D. (c) The control system where the rigid GO is 
removed leaving only the linear rubber grafted with PDLA, i.e., rubber-D. (d) The control 
system where GO-D and rubber-D are separated without covalent bonding in between. 
 
Our approach successfully synergizes the effect of rigid GO and rubbery PCLLA on the 
reinforcement of polymer materials through tailoring the GO/PLLA interface. By blending the 
rigid-rubber reinforcing element, GO-rubber-PDLA, with commercial PLLA, the resulting 






7.2 Experimental Section 
7.2.1 Materials 
Graphite powder was obtained from Fluka. 1,4-butanediol (BD) and 
tolylene-2,4-diisocyanate (TDI) were purchased from Kanto Chemical Co. Inc. (Tokyo, Japan) 
and used as received. D-lactide and L-lactide monomers (99.5 %), received from Purac, were 
recrystallized in ethyl acetate for three times and dried in vacuum at 40 oC overnight before use. 
-Caprolactone (-CL) was purchased from Sigma Aldrich and dried by reduced pressure 
distillation. PLLA (3051D, Mw is 160000 with a polydispersity of 1.7) pellets were purchased 
from Natureworks. tin (II)2-ethylhexanoate (95 %, Sn(Oct)2) and anhydrous toluene, both from 
Sigma Aldrich, were adopted as the catalyst and solvent for the ring opening polymerization. 
Ethylene glycol was purchased from Sigma Aldrich and dried by reduced pressure distillation. 
All other chemicals were used as received. 
 
7.2.2 Modification of graphene oxide 
Graphene oxide (GO) was prepared from graphite powder through Hummer’s method165, 172. 
The modification of GO follows the method reported earlier171. The obtained dried GO was 
modified by excessive TDI (GO: TDI= 1: 60 g/mmol), which was followed by the addition of 
BD. Specifically, GO (2 g) was loaded into a 250 mL three-neck flask equipped with a 
magnetic stirring bar, and 100 mL anhydrous DMF was added under nitrogen to create a 
homogenous suspension through ultrasonic for 0.5 h. TDI (2 g) was then added and the 
mixture was stirred under nitrogen at 80 oC for 24 h. Then excessive BD (5 g) was added into 
the slurry reaction mixture under nitrogen and reacted for 24 h at 80 oC. The suspension was 
poured into acetone (50 mL) to coagulate the product, followed by centrifugation and washing 
several times to remove the unreacted BD. Finally, the resulting product (designated as 
GO-TDI-OH) was dried at 100 oC under vacuum for 48 h before use. 
 
7.2.3 Synthesis of the rigid-rubber structure unit, GO-rubber-D 
A two-step ring opening polymerization reaction (ROP) was utilized to synthesize the 
rigid-rubber structure unit, GO-rubber-D (Scheme 7.1). As the first step, GO-rubber was 
synthesized via ROP of L-lactide and -CL (molar ratio is 1:2), initiated by alcohol groups on 
GO-TDI-OH. Specifically, GO-TDI-OH (0.04 g, as initiators), -CL (9.19 g, 80.6 mmol), 
L-lactide (5.81 g, 40.3 mmol), Sn(Oct)2 (160 μL, as catalyst) and anhydrous toluene (100 ml) 
were mixed into a 150 ml round bottom flask, which is done in the glovebox. The 
homogeneous mixture was obtained through ultrasonic for 30 min and then the reaction 
proceeded at 120 °C under reflux in Ar using a condenser. After 45 h of stirring, 2 ml reaction 
mixture was withdrawn and precipitated in excess methanol. The precipitated sticky GO-poly 
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(caprolactone-co-lactide) (PCLLA) rubber polymer, denoted as GO-rubber, was collected by 
centrifugation and methanol wash for 3 times. As the second step, D-lactide (5.00 g, 34.7 
mmol) was charged into the reaction mixture under Ar immediately after GO-rubber 
withdrawal and the stirring continued for another 15 h. At the end of the reaction, the reaction 
mixture became quite viscous. The GO-rubber-PDLA polymer, denoted as GO-rubber-D, was 
collected by dissolving in chloroform, precipitating in excess methanol (300 ml) and filtering 
with methanol wash. Both GO-rubber and GO-rubber-D were dried at 40 oC in vacuum oven 
overnight. 18.7 g of GO-rubber-D was obtained in 94% yield (by weight).  
 
Scheme 7.1. Synthesis of GO-rubber-D rigid-rubber structure unit by ring opening 
polymerization. 
 
7.2.4 Synthesis of GO-D and rubber-D 
GO-D and rubber-D were synthesized for the control composite systems. The synthesis of 
GO-D occurred as follows. D-lactide (4 g), GO-TDI-OH (0.04 g, as initiators), Sn(Oct)2 (35 
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μL, as catalyst), and anhydrous toluene (∼100 mL) were charged into a round-bottom flask, 
and the flask was sealed, all done in a glovebox. A homogeneous mixture was obtained by 
ultrasonic for 30 min and then stirred at 120 °C for 60 h under reflux using a condenser in Ar. 
At the end of the reaction, GO-PDLA polymer, designated as GO-D, was collected by 
dissolving in chloroform, precipitating in excess methanol (300 ml) and filtering with 
methanol wash. GO-D was dried at 40 oC in vacuum oven overnight. 3.8 g of GO-D was 
obtained in 95% yield (by weight).  
The synthesis of rubber-D followed the same procedures as that of GO-rubber-D, except that 
GO-TDI-OH was replaced by ethylene glycol as the initiator. Specifically, in the first step, 
ethylene glycol (77 mg, as initiators), -CL (9.15 g, 80.3 mmol), L-lactide (5.78 g, 40.1 mmol), 
Sn(Oct)2 (160 μL, as catalyst) and anhydrous toluene (60 ml) were mixed into a 150 ml round 
bottom flask, which is done in the glovebox. The mixture was vigorously stirred at room 
temperature for 5 min and then at 120 °C under reflux in Ar using a condenser. After 45 h of 
stirring, 2 ml reaction mixture was withdrawn and precipitated in excess methanol. The 
precipitated sticky poly (caprolactone-co-lactide) (PCLLA) rubber polymer, denoted as rubber, 
was collected by centrifugation and methanol wash for 3 times. In the second step, D-lactide 
(4.98 g, 34.5 mmol) was charged into the reaction mixture under Ar immediately after rubber 
withdrawal and the stirring continued for another 15 h. At the end of the reaction, the 
rubber-PDLA polymer, denoted as rubber-D, was collected by dissolving in chloroform, 
precipitating in excess methanol (300 ml) and filtering with methanol wash. rubber-D was 
dried at 40 oC in vacuum oven overnight. 19.2 g of rubber-D was obtained in 96% yield (by 
weight). 
 
7.2.5 Fabrication of PLLA/GO-rubber-D composite and the three control composites 
To fabricate PLLA/GO-rubber-D composites, commercial PLLA was dissolved in 
chloroform followed by adding GO-rubber-D. The concentration of the solution is around 100 
mg/ml (totally 4 g of polymer in 40 ml of chloroform). The resulting solutions were then 
casted (at ambient condition for 12 h and subsequently at 80 oC in vacuum for another 12 h) to 
form composite films with different GO-rubber-D contents denoted as X%-GO-rubber-D, 
where X stands for GO-rubber-D content, that is, 5 wt % and 10 wt %. To fabricate the three 
control systems, similar procedures were followed with corresponding fillers (GO-D and/or 
rubber-D). In PLLA/GO-D system, to ensure that PLLA/GO-D composites have similar GO 
contents to PLLA/GO-rubber-D system, 1%-GO-D and 2%-GO-D were prepared, which 
contain 1 wt% and 2 wt% of GO-D in PLLA respectively. Neat PLLA films were prepared 
likewise without adding any filler. The thickness of all films is around 0.5 mm. All the samples 
were placed in a dry cabinet at 25 oC before characterizations. The compositions of all the 
samples are tabulated in Table 7.1. 
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Table 7.1. Compositions of the samples in the four composite systems. 












PLLA/GO-rubber-D 5%-GO-rubber-D 95 5 - - 
10%-GO-rubber-D 90 10 - - 
PLLA/GO-D 1%-GO-D 99 - 1 - 
2%-GO-D 98 - 2 - 
PLLA/rubber-D 5%-rubber-D 95 - - 5 
10%-rubber-D 90 - - 10 
PLLA/rubber-D/GO-D 5%-rubber-D/GO-D 94 - 1 5 
10%-rubber-D/GO-D 88 - 2 10 
 
7.2.6 Characterization methods 
Fourier transform infrared spectroscopy (FTIR) spectra were recorded on a PerkinElmer 
spectrum 2000 spectrometer at a resolution of 1 cm−1. 1H and 13C nuclear magnetic resonance 
(NMR) spectra were recorded on a Bruker 400 MHz NMR spectrometer at room temperature 
using CDCl3 as the solvent. The differential scanning calorimetry (DSC) analyses for all of the 
samples were performed on TA Instrument Q100 under N2. Normal DSC follows the method: 
equilibrate at 25 °C; ramp 10 °C /min to 250 °C. To measure Tg of related polymers, 
modulated DSC (MDSC), which could provide reversing heat flow of materials, was employed 
using the method: equilibrate at 25 °C; ramp 20 °C /min to 230 °C; isothermal for 5 min; ramp 
20 °C /min to -80 °C; isothermal for 2 min; modulate +/- 2.00 °C every 40 seconds; ramp 
10 °C /min to 230 °C. The dispersion of GO in GO-rubber-D was investigated on Digital 
Instruments Multimode atomic force microscope (AFM). Tapping mode was used. AFM 
sample was prepared as follows: dissolve GO-rubber-D in chloroform; cast a drop pf solution 
on a small piece of glass slide to form a thin film. The dumb-bell-shaped tensile specimens 
were punched with a CEAST hollow die punch (die type: ASTM D638 type V) from the casted 
composite films. The thickness of the tensile samples around 0.5 mm. Tensile properties were 
determined using an Instron 5569 universal tensile machine, at a tensile speed of 3.0 mm/min 
at room temperature. The tensile results were averaged from 7 specimens per batch. The tensile 
facture morphology of the composites was observed on a field emission scanning electron 







7.3 Results and Discussion 
7.3.1 Modification of GO 
 
Figure 7.3. FTIR spectra of GO and GO-TDI-OH. 
Figure 7.3 shows the FTIR spectra of GO and GO-TDI-OH. GO shows the characteristic 
absorption peaks at 1730 cm-1, corresponding to the stretching mode of C=O. Upon treatment 
with TDI, the C=O stretching vibration at 1730 cm-1 of GO becomes obscured by the 
appearance of a absorption peak at 1703 cm-1 that is attributable to the carbonyl stretching 
vibration of the carbamate esters of the GO-TDI-OH. A band at 1650 cm-1 could be assigned to 
the amide carbonyl stretching mode. The band at 1542 cm-1 is originated from either amides or 
carbamates esters and corresponds to the coupling of the C-N stretching vibration with the 
CHN deformation vibration. Strong absorption bands, which are due to the -CH2- stretching 
vibration, appear at 2923 and 2853 cm-1 after reaction with BD. The 1226 cm-1 band is 
corresponding to the C-OH stretching vibration.171  
 
7.3.2 Synthesis of GO-rubber-D, GO-D and rubber-D 
GO-rubber-D was synthesized via ring opening polymerization in two steps. In the first step, 
PCLLA copolymer (GO-rubber) was synthesized, whose randomness can be estimated by 
NMR. As can be seen in Figure 7.4, the joint of a lactyl block and a -CL block shows 
different 1H NMR peaks (“a’”, “b’” and “c’”) and 13C NMR peaks (“f’” and “g’”)from either 
block (“a” and “g” for lactyl blocks; “b”, “c” and “f” for -CL blocks).88, 89 By using the 
intensity ratios of the corresponding peaks, average block lengths of lactyl units and -CL units 
can be calculated to be 1.89 and 2.73 respectively (Table 7.2). A block length of 2.00 
corresponds to a random sequence.89 Therefore, it could be demonstrated that the PCLLA 
copolymer has a quasi-random structure where lactyl units are of a random distribution while 
-CL units exhibit blockiness. In addition, lactyl units and -CL units are of equivalent 
amounts (CL/lactyl: 0.90, Table 7.2), which is consistent with the feeding ratio of L-lactide and 
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-CL. In the second step, PDLA chains were grafted to PCLLA copolymer chains to form 
GO-rubber-D, which was evidenced by 1H NMR. From Figure 7.4 and Table 7.2, we can see 
that the intensity of peak “a”, which corresponds to methine protons within lactyl blocks, 
increases significantly. In addition, intensity ratio b/b’ decreases in GO-rubber-D (Table 7.2), 
possibly demonstrating that -CL monomers are not fully polymerized in the synthesis of 
GO-rubber and the remaining -CL mostly act as joints in the subsequent polymerization with 
excess D-lactide. Similar results can be found for rubber-D from Table 7.2, demonstrating that 
rubber-D has a similar chain structure to GO-rubber-D.  
 




Table 7.2. DSC and NMR analysis of the synthesized polymers. 


















GO-rubber -36 10571g 1.08 2.84 3.84 2.73 1.89 0.90 
GO-rubber-D -15 12940g 3.25 2.30 - - - - 
GO-D 50 2980g - - - - - - 
rubber -49 11445h 1.08 2.33 3.33 2.74 1.79 1.15 
rubber-D -25 13981h 2.15 1.90 - - - - 
a Tg is calculated from reversing heat flow traces of modulated DSC in the second heating run.  
b These are the intensity ratios of corresponding peaks labeled in Figure 7.4. 
c Average block length calculated from 1H NMR signals of CL units (b and b’ in Figure 7.4) by 
using LCL=(ICL-CL/ICL-LA)+1. ICL-CL and ICL-LA are the intensities of signals representing CL-CL 
bonds and CL-LA crossover bonds, respectively. 
d Average block length calculated from 13C NMR signals of CL units (f and f’ in Figure 7.4) by 
using LCL=(ICL-CL/ICL-LA)+1. ICL-CL and ICL-LA are the intensities of signals representing CL-CL 
bonds and CL-LA crossover bonds, respectively. 
e Average block length calculated from 13C NMR signals of lactyl units (g and g’ in Figure 7.4) 
by using LLA=(ILA-LA/ILA-CL)+1. ILA-LA and ILA-CL are the intensities of signals representing 
LA-LA bonds and LA-CL crossover bonds, respectively. 
f Molar ratio determined by intensities of 13C NMR peaks in Figure 7.4, i.e., f, f’, g and g’. 
g Average Mn of one polymer chain grafted on GO estimated by 1H NMR. 
h This molecular weight is the sum of Mn, estimated by 1H NMR, of the two single polymer 
chains initiated by ethylene glycol. 
 
The molecular weights of the synthesized polymers were characterized by 1H NMR as 
tabulated in Table 7.2. We can see that rubber (or rubber-D) and GO-rubber (or GO-rubber-D) 
have comparable molecular weights. The glass transition temperatures of the synthesized 
polymers were measured by modulated DSC as shown in Table 7.2. The rubbery characteristic 
of PCLLA at room temperature is indicated by a Tg of -36 oC and -49 oC for GO-rubber and 
rubber respectively. Furthermore, GO links the polymer chains together on its surface and thus 
hinders the chain mobility, which can be verified by the increase of Tg from rubber (-49oC) to 
GO-rubber (-36 oC) or from rubber-D (-25 oC) to GO-rubber-D (-15 oC). In addition, AFM 
reveals that GO is well dispersed in the synthesized polymer (Figure 7.5), which is favourable 
for the reinforcement of commercial PLLA. 
 
Figure 7.5. AFM images of GO-rubber-D. (a) Height information. (b) Phase information. 
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7.3.3 Formation of stereocomplex in PLLA/GO-rubber-D composites 
FTIR and DSC were employed to confirm the stereocomplex formation between 
GO-rubber-D and PLLA in the composites. In Figure 7.6a, the IR absorptions at 921 cm-1 and 
908 cm-1 are ascribed to the homocrystallites formed in neat PLLA and 
stereocomplex-crystallites formed between PLLA and PDLA respectively.173 The slight IR 
absorption at 908 cm-1 in PLLA/GO-rubber-D composites indicates stereocomplex formation 
between PLLA matrix and GO-rubber-D. In Figure 7.6b, the stereocomplex formation between 
GO-rubber-D and PLLA was further confirmed by the stereocomplex crystallite melting peak 
detected by DSC. This stereocomplex melting temperature is lower than normal stereocomplex 
melting point at about 210oC243, which is mainly due to the short length of PDLA segments on 
GO-rubber-D (the molecular weight of PDLA on GO-rubber-D is just around 2000 as 
calculated from Table 7.2).   
 
Figure 7.6. (a) FTIR spectra and (b) DSC curves of PLLA, 5%-GO-rubber-D, and 
10%-GO-rubber-D. 
 
7.3.4 Mechanical properties of the PLLA/GO-rubber-D composites 
Figure 7.7 summarizes the mechanical properties of the PLLA/GO-rubber-D composites and 
 102 
 
the three control composite systems. With the incorporation of 5 wt% of GO-rubber-D, the 
rigid-rubber structure unit, into PLLA (Figure 7.2a), the resulting composites 
(5%-GO-rubber-D) exhibit effective enhancement in strength compared with neat PLLA, i.e., 
30 % increase in Young’s modulus, 22 % increase in tensile strength and 35 % increase in 
tensile stress at yield. Simultaneously, the elongation at break of 5%-GO-rubber-D also 
increases to 85 %, much higher than that of neat PLLA (~25%), resulting in significant 
improvements in toughness calculated as the area under stress-strain curves (from 7 J/cm3 for 
PLLA to 25 J/cm3 for 5%-GO-rubber-D). In contrast, the PLLA/GO-D system (Figure 7.2b) 
without rubber layers exhibits enhanced strength but becomes much brittler than neat PLLA; 
while in PLLA/rubber-D system (Figure 7.2c) where GO is absent, the elongation at break of 
the materials significantly increases albeit at sacrificed strength. More interesting is the 
PLLA/rubber-D/GO-D system (Figure 7.2d) in which rigid GO-D and rubbery rubber-D are 
incorporated into PLLA without the rigid-rubber covalent linkage. The resulting composites 
exhibit lower strength and much lower toughness compared with PLLA/GO-rubber-D system 
even though the two systems have similar GO and rubber contents. This result clearly indicates 
the importance of synergetic effects derived from the covalent bonding between the rigid filler 
and the rubbery layer in the GO-rubber-D “reinforcing element”.  
 
Figure 7.7. Tensile mechanical performances of PLLA/GO-rubber-D composites and the three 
control composite systems. (a) Young’s modulus. (b) Tensile strength. (c) Tensile stress at yield. 
(d) Elongation at break. (e) Toughness, which is the area, calculated by integrating, under the 
stress-strain curve. (f) Typical stress-strain curves. 
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7.3.5 Mechanisms behind the Novel Mechanical Properties 
The general toughening mechanisms for polymers and composites could be twofold.222 The 
first is intrinsic toughening, which is primarily related to plasticity. Intrinsic toughening makes 
cracking more difficult by enlarging the plastic zone, thus being able to counteract both the 
initiation and propagation of cracks. The second is extrinsic toughening, which is primarily 
related with bridging effect. Extrinsic toughening could reduce the local stress and strains 
experienced by the crack tip to resist crack propagation. 
 
Figure 7.8. SEM image of 5%-GO-rubber-D fractured tensile specimen. It is the surface of the 
whitened part of the fractured tensile specimen. The white two-headed arrow indicates the 
tensile direction. 
 
In the PLLA/GO-rubber-D system, the rubber phase in the GO/PLLA interface acts as the 
intrinsic toughening agent capable of dissipating large amounts of energy by deformation and 
crazing initiation. The crazes formed during deformation were observed by SEM, as pointed 
by the small arrows in Figure 7.8. Moreover, these covalently grafted rubber layers on GO can 
in situ relieve the GO-initiated high local stress that could have easily led to cracks in polymer. 
As for the rigid filler GO, it also plays two roles. The first role serves as strengthening agent 
that improves the strength of the composites. The second role is the extrinsic toughening agent. 
As revealed by DSC, GO covalently links with numerous linear rubber-like chains on its 
surface and hinders free mobility of the rubber-like chains, so the rigid GO could act as an in 
situ “bridge” over the crazes/cavitation formed by rubber hence resisting the craze growth. As 
a result, GO and rubber layers work in tandem to simultaneously enhance the strength and 
toughness of PLA. In contrast, the PLLA/GO-D system has no rubber to serve as the intrinsic 
toughening agent to dissipate energy, while the PLLA/rubber-D system has no rigid filler to 
improve strength. As a consequence, the two systems are either brittle or of poor strength.  
Further evidence regarding the effectiveness of our strategy comes from the study of the 
PLLA/rubber-D/GO-D system, in which rigid fillers (GO-D) and rubber phases (rubber-D) are 
blended in PLLA without any covalent linkage between GO and rubber phase. As there is no 
strong covalent linkage between rigid fillers and rubber phases, the synergetic effect, such as in 
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situ stress relief and bridging effect, hardly exists. In this scenario, rubber and rigid GO fillers 
act separately in response to deformation. Since rubber phase is not covalently linked to GO, it 
could cause deformation more easily and lead to lower strength. On the other hand, without 
grafted rubber on rigid GO to relieve local stress, there is a higher possibility that GO-initiated 
cracks develop unstably, which would impair the material’s toughness and lead to 
embrittlement of polymer.  
 
7.3.6 Further Comments 
It is worth mentioning however that our system has not been fully optimized. Various 
parameters may influence the strengthening and toughening effect of the rigid-rubber structure 
units, for example, molar ratio of rigid fillers to rubbery layers, chain flexibility of rubbery 
layers, weight percentage of structure units in the composites and so on. With judicial 
adjustment on these parameters, the properties of the final polymer composites could be 
further improved.   
 
7.4 Summaries 
In summary, a bioinspired unique approach to overcome the conflict of strength and 
toughness in PLA has been proposed and demonstrated. We made use of a rigid-rubber 
structure unit, in which a rigid GO sheet is coupled with PCLLA rubbery layers, as the 
“reinforcing element”. The GO-rubber-D reinforcing element was easily synthesized via 
GO-initiated ring opening polymerization of -CL/L-lactide as the PCLLA rubbery layer and 
D-lactide as the PDLA compatibilizer. The quasi-random sequence of PCLLA and the 
subsequent grafting of PDLA were verified by NMR. The rubbery characteristic of PCLLA at 
room temperature was confirmed by MDSC. GO-rubber-D could be easily incorporated into 
PLLA matrix to successfully enhance both strength and toughness of the polymer. It was 
suggested that the key to the simultaneous reinforcement of strength and toughness was the 
synergy between rigid GO and the covalently-grafted rubbery layers within the well-tailored 
GO/PLLA interface. Unlike the natural systems which exhibit a regularly alternative 
rigid-elastic arrangement and are difficult to mimic in real applications, our approach is much 









Chapter 8. Towards Strong and Tough Poly (lactide)-Clay 
Nanocomposites through Interfacial Control 
8.1 Introduction 
In last chapter, a “filler-rubber-PDLA” strategy was put forward to strengthen and toughen 
PLA simultaneously by using graphene oxide as the rigid filler. This chapter will explore the 
use of clay as the rigid filler in the “filler-rubber-PDLA” strategy. 
Clay has been utilized to reinforce various polymers110, 111, 154, 223, which exhibit significant 
enhancements in mechanical properties such as modulus. Nevertheless, there exists a common 
concern that these reinforced composites become quite brittle with the addition of clay. For 
example, Yasmin et al.110 revealed that the elongation at break of epoxy nanocomposites with 1 
wt% of Cloisite® 30B clay dramatically dropped to less than half of that of neat epoxy. This 
concern limits the application of clay as a composite filler. 
 
Scheme 8.1. The synthesis route of clay-rubber-D. 
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A question may arise as whether we could make use of the merits of rubber and clay in 
polymer reinforcement to achieve a both stronger and tougher PLA composites. Hence in this 
chapter, a covalent combination of clay and rubber, i.e., clay-rubber-PDLA, for reinforcing 
commercial PLLA is developed as shown in Scheme 8.1, where two steps are involved. First, 
poly (caprolactone-co-lactide) (PCLLA) copolymer was covalently grafted onto clay via ring 
opening polymerization of -caprolactone (-CL) and lactide monomers to serve as the 
rubber-like phase layers. Second, poly (D-lactide) (PDLA) was grafted onto the PCLLA 
segments to serve as the compatibilizer. When clay-rubber-PDLA is incorporated into 
commercial PLLA, the formation of stereocomplex between the PDLA compatibilizer and 
PLLA matrix could facilitate a strong interaction between the clay-rubber filler and the 
polymer matrix, leading to an effective force transfer and better filler dispersion. 
Biocompatible and biodegradable PLA nanocomposites fabricated by blending the 
synthesized clay-rubber-PDLA copolymer and commercial PLLA simultaneously exhibit over 
doubled elongation at break and substantial improvements in Young’s modulus and tensile 
strength. Crazing, strong stereocomplex interaction and the clay/rubber synergy are the 
possible mechanisms behind the excellent mechanical performances.  
 
8.2 Experimental Section 
8.2.1 Materials 
D-lactide and L-lactide monomers (99.5 %) were received from Purac and recrystallized in 
ethyl acetate three times. Cloisite® 30B clay was supplied by Southern Clay Products (Texas, 
USA), which is a montmorillonite modified with bis-(2-hydroxyethyl) methyl tallow alky 
ammonium cations. -Caprolactone (-CL) was purchased from Sigma-Aldrich and filtered in 
glovebox after overnight stirring with fresh calcium hydride powder. PLLA (3051D, 
containing about 96.5 % L-lactide, Mw being 160000 with a polydispersity of 1.7) pellets were 
purchased from Natureworks. tin (II)2-ethylhexanoate (95 %, Sn(Oct)2) and anhydrous toluene, 
both from Sigma-Aldrich, were adopted as the catalyst and solvent for the ROP. Lactide and 
clay were dried at 40 oC in vacuum oven overnight prior to use. All other chemicals were used 
as received. 
 
8.2.2 Synthesis of clay-rubber-PDLA and clay-PDLA 
A two-step ring opening polymerization reaction (ROP) was utilized to synthesize 
clay-rubber-PDLA (Scheme 8.1). In the first step, clay-rubber was synthesized via ROP of 
L-lactide and -CL (molar ratio is 1:2), initiated by alcohol groups of bis-(2-hydroxyethyl) 
methyl tallow alky ammonium cations on Cloisite® 30B clay. Specifically, clay (0.25 g, as 
initiators), -CL (9.19 g, 80.6 mmol), L-lactide (5.81 g, 40.3 mmol), Sn(Oct)2 (160 μL, as 
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catalyst) and anhydrous toluene (100 ml) were charged into a 150 ml round bottom flask. The 
chemical charging should be done in the glovebox. The mixture was stirred at room 
temperature for half an hour and subsequently at 120 °C under reflux in Ar using a condenser. 
After 45 h of stirring, 2 ml reaction mixture was withdrawn and precipitated in excess 
methanol. The precipitated sticky clay-poly (caprolactone-co-lactide) (PCLLA) rubber 
polymer, denoted as clay-rubber, was collected by centrifugation and methanol washed for 3 
times. In the second step, D-lactide (5.00 g, 34.7 mmol) was charged into the reaction mixture 
under Ar immediately after clay-rubber withdrawal and the stirring continued for another 15 h. 
At the end of the reaction, the clay-rubber-PDLA copolymer, denoted as clay-rubber-D, was 
collected by dissolving in chloroform, precipitating in excess methanol (300 ml) and filtering 
with methanol wash. Both clay-rubber and clay-rubber-D were dried at 40 oC in vacuum oven 
overnight. 17.5 g of clay-rubber-D was obtained in 87% yield by weight. 
clay-PDLA was synthesized as a control. Clay (0.2g, as initiators), D-lactide (10g, 69.4 
mmol), Sn(Oct)2 (80 μL, as catalyst) and anhydrous toluene (100 ml) were charged into a 150 
ml round bottom flask. The mixture was refluxed in Ar at 120 oC for 60 h. At the end of the 
reaction, clay-PDLA, denoted as clay-D, was collected by dissolving in chloroform, 
precipitating in excess methanol (300 ml) and filtering with methanol wash. 9.5 g of clay-D 
was obtained in 95% yield by weight. 
 
8.2.3 Fabrication of clay-rubber-D reinforced PLA nanocomposites 
Commercial PLLA was first dissolved in chloroform followed by adding clay-rubber-D. The 
concentration of the solution is around 100 mg/ml (totally 4 g of polymer in 40 ml of 
chloroform). The resulting clear solutions were then casted (at ambient condition for 12 h and 
at 80 oC in vacuum for another 12 h) to form nanocomposite films with different clay-rubber-D 
contents denoted as X%-clay-rubber-D, where X stands for clay-rubber-D content, that is, 15 
wt %, 10 wt % and 5 wt %. Neat PLLA films were prepared likewise without adding 
clay-rubber-D. Control samples (5%-clay-D and 10%-clay-D) without rubber phases were also 
prepared likewise. The thickness of all films is around 0.5 mm. All the samples were placed in 
a dry cabinet at 25 oC before characterizations. 
 
8.2.4 Characterizations 
1H and 13C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 400 MHz 
NMR spectrometer at room temperature using CDCl3 as the solvent. The differential scanning 
calorimetry (DSC) analyses for all of the samples were performed on TA Instrument Q100 
under N2. Normal DSC follows the method: equilibrate at 25 °C; ramp 10 °C /min to 250 °C. 
To measure Tg of related polymers, modulated DSC (MDSC), which could provide reversing 
heat flow of materials, was employed using the method: equilibrate at 25 °C; ramp 20 °C /min 
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to 230 °C; isothermal for 5 min; ramp 20 °C /min to -80 °C; isothermal for 2 min; modulate +/- 
2.00 °C every 40 seconds; ramp 10 °C /min to 230 °C. Wide-angle X-ray diffraction (WAXD) 
diffractograms were obtained at room temperature on a Bruker GADDS diffractometer with an 
area detector operating under a voltage of 40 kV and a current of 40 mA using Cu Kα radiation 
(=0.15418 nm). The dispersion of clay-rubber-D in the nanocomposites was investigated by 
transmission electron microscope (TEM) on a FEI Titan 80-300 S/TEM 
(scanning/transmission electron microscopy) instrument. The cross-section of the 
PLA/clay-rubber-D nanocomposite film for TEM observations was obtained by cutting the 
film under cryogenic conditions using a Leica ultramicrotome with a diamond knife. The 
dumb-bell-shaped tensile specimens were punched with a CEAST hollow die punch (die type: 
ASTM D638 type V) from the casted nanocomposite films. Tensile properties were determined 
using an Instron 5569 universal tensile machine, at a tensile speed of 3.0 mm/min at room 
temperature. The tensile results were averaged from 7 specimens per batch. The tensile facture 
morphology of the nanocomposites was observed on a field emission scanning electron 
microscope (FESEM) (JEOL JSM 6700F). SEM samples were coated with gold.  
 
8.3 Results and Discussions 
8.3.1 Characterization of the synthesized polymers 
clay-rubber-D was synthesized via ring opening polymerization in two steps. In the first step, 
PCLLA copolymer was grafted onto clay to form clay-rubber, whose randomness could be 
investigated by NMR. As shown in Figure 8.1, the linkage of a lactyl block and a -CL block 
shows different 1H NMR peaks (“a’”, “b’” and “c’”) and 13C NMR peaks (“f’” and “g’”)from 
either block (“a” and “g” for lactyl blocks; “b”, “c” and “f” for -CL blocks).88, 89 By using the 
intensity ratios of the corresponding peaks, average block lengths of lactyl units and -CL units 
can be calculated to be 2.07 and 3.00 respectively (Table 8.1). A block length of 2.00 
corresponds to a random sequence.89 Therefore, it can be demonstrated that the PCLLA 
copolymer has a quasi-random structure where lactyl units are of a nearly random distribution 
while -CL units exhibit blockiness. In addition, lactyl units and -CL units are of equivalent 
amounts (CL/lactyl: 0.87, Table 8.1), which is consistent with the feeding ratio of L-lactide and 
-CL (1:2, one lactide unit equals two lactyl units). In the second step, PDLA was subsequently 
grafted onto PCLLA chains to form clay-rubber-D, which was evidenced by 1H NMR. In 
Figure 8.1 and Table 8.1, the intensity of peak “a”, which corresponds to methine protons 
within lactyl blocks, is substantially bigger in clay-rubber-D than in clay-rubber. The 






Figure 8.1. (a)1H NMR spectra of clay-rubber-D and clay-rubber. (b) 13C NMR spectrum of 
clay-rubber (C=O signals only). 
 
Table 8.1. DSC and NMR analysis of the synthesized polymers. 













clay-rubber -36 9901 2.28 3.00 2.07 0.87 
clay-rubber-D -19 11879 4.59 - - - 
clay-D 42 5527 - - - - 
a Tg is calculated from reversing heat flow traces of modulated DSC in the second heating run.  
b Average Mn of one polymer chain grafted on clay estimated by 1H NMR. 
 c It is the intensity ratio of peak a and a’ labeled in Figure 8.1. 
d Average block length calculated from 13C NMR signals of CL units (f and f’ in Figure 8.1) by 
using LCL=(ICL-CL/ICL-LA)+1. ICL-CL and ICL-LA are the intensities of signals representing CL-CL 
bonds and CL-LA crossover bonds, respectively. 
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e Average block length calculated from 13C NMR signals of lactyl units (g and g’ in Figure 8.1) 
by using LLA=(ILA-LA/ILA-CL)+1. ILA-LA and ILA-CL are the intensities of signals representing 
LA-LA bonds and LA-CL crossover bonds, respectively. 
f Molar ratio determined by intensities of 13C NMR peaks in Figure 8.1, i.e., f, f’, g and g’. 
 
Figure 8.2. WAXD diffractograms of clay-rubber, clay-rubber-D and the nanocomposites.  
stands for -form homocrystallites,174 sc stands for stereocomplex crystallite,175 and PCL 
stands for the PCL crystallite.244 
 
The thermal property of the synthesized polymers was studied using modulated DSC. When 
clay was grafted with PCLLA without the outer PDLA, the resulting clay-rubber exhibits a 
glass transition temperature at about -36 oC (Table 8.1) revealing the rubbery characteristic of 
clay-rubber at room temperature. When PDLA was grafted onto clay-rubber to form 
clay-rubber-D, a Tg at -19 oC was detected which sits in between Tg of clay-rubber (-36 oC) and 
clay-D (42 oC). The effect of outer PDLA on the Tg of PCLLA could be twofold: First, the 
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PDLA chains are directly linked with the rubber-like chains, which reduces mobility of the 
rubber phase and moves the rubber Tg to a higher temperature. Second, as shown in Figure 8.2, 
there are PLA homocrystallites and PCL crystallites in clay-rubber, while in clay-rubber-D, 
stereocomplex could be observed, indicating that the PDLA chains interact with the L-lactyl 
blocks of PCLLA copolymer to form stereocomplex. The formation of stereocomplex would 
further confine the rubber-like phase. All these could lead to an increase in Tg of the 
rubber-like phase while reduce Tg of PDLA. 
 
8.3.2 Stereocomplexation in the PLA/clay-rubber-D Nanocomposites  
DSC was used to confirm the stereocomplex formation between PLLA matrix and 
clay-rubber-D. In Figure 8.3, for the solution casted neat PLLA, there is only one melting peak 
at around 150 °C, corresponding to homocrystallites, while for the PLLA/clay-rubber-D 
nanocomposites, an additional melting peak at around 180 °C corresponding to sc-crystallites 
can be observed. It is seen that with increasing clay-rubber-D content the intensity of 
sc-crystallite peak increases while that of homocrystallite peak decreases, which indicates the 
formation of sc-crystallites between PLLA and clay-rubber-D. This stereocomplex melting 
point is lower than the normal value (~210 °C) possibly due to two reasons: (1) PDLA 
segments in clay-rubber-D are too short (Mn: ~2800 g/mol, Table 8.1) for perfect 
crystallization; (2) the rubber segments in clay-rubber-D are quite long (Mn: ~9900 g/mol, 
Table 8.1) and thus could markedly confine the mobility of the outer PDLA segments during 
crystallization. WAXD diffractograms were further utilized to confirm the stereocomplexation 
in the nanocomposites. As shown in Figure 8.2, neat PLLA exhibits diffraction peaks at 
2=14.7°, 16.6°, 19.1°, and 22.2°, characteristic of -form homocrystallites formed in 
PLLA,174 while the PLLA/clay-rubber-D nanocomposites exhibit additional peaks at 2 = 
11.9°, 20.7°, and 23.9°, characteristic of the sc-crystallites,175 again confirming the 
stereocomplex formation between PLLA matrix and clay-rubber-D. The stereocomplex 
interaction facilitates dispersion of clay-rubber particles within PLA matrix as shown in Figure 





Figure 8.3. DSC thermograms of PLLA and PLLA/clay-rubber-D nanocomposites. 
 























PLLA 2.0±0.2 31.5±0.7 20.9±3.8 30.1±2.8 7.1±1.5 
5%-clay-rubber-D 3.3±0.2 43.3±1.7 32.1±4.4 56.0±10.3 17.9±4.2 
10%-clay-rubber-D 2.9±0.2 36.5±1.0 24.6±2.9 78.3±9.8 25.0±2.4 
15%-clay-rubber-D 2.2±0.3 31.7±1.3 23.4±4.8 95.8±6.1 26.8±2.4 
2.5%-clay-D 2.3±0.2 38.7±1.2 27.8±3.5 24.4±1.8 7.9±1.2 
5%-clay-D 3.6±0.4 48.8±2.7 37.3±4.7 3.2±1.5 0.8±0.5 
a Toughness is the area, calculated by integrating, below the stress-strain curve. 
 
 
Figure 8.5. Stress-strain curves of PLLA, 5%-clay-D and PLLA/clay-rubber-D 
nanocomposites. 
8.3.3 Mechanical Properties of the PLLA/clay-rubber-D Nanocomposites 
When clay-PDLA, which contains no rubber content, is blended with commercial PLLA, the 
resulting nanocomposites (2.5%-clay-D and 5%-clay-D) show increased Young’s modulus, 
tensile strength and tensile stress at yield (Table 8.2 and Figure 8.5), demonstrating the 
strengthening effect of clay. However, the elongation at break of PLA is severely impaired by 
the addition of clay. The brittleness of PLLA/clay-PDLA nanocomposites may result from the 
stress concentration of rigid clay. As there is no rubbery phase at the clay/PLA interface, the 
stress concentrated by clay could not be efficiently released, which hence leads to premature 
fracture deriving from the clay/PLA interface. As shown in Figure 8.6c, the facture surface of 
5%-clay-D is quite smooth, indicating a brittle facture.  
For PLLA/clay-rubber-D nanocomposites in which rubber is inserted into the clay/PLA 
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interface, it can be seen that the incorporation of clay-rubber-D substantially enhances the 
elongation at break and toughness of PLA materials and the enhancement increases with 
clay-rubber-D content. What is more interesting is that the materials’ strength, represented by 
Young’s modulus, tensile strength and tensile stress at break, is simultaneously substantially 
enhanced, although the enhancement reduces with clay-rubber-D due the increased amounts of 
rubber phase. Take 10%-clay-rubber-D which has 10 wt% of clay-rubber-D in PLLA matrix 
for example, it shows improvements by 45%, 20%, 20% and 160% in Young’s modulus, 
tensile strength, tensile stress at break and elongation at break, respectively, compared with 
neat PLLA. 
The mechanism behind the excellent performances of the PLLA/clay-rubber-D 
nanocomposites was illustrated by SEM as shown in Figure 8.6. In the PLLA/clay-rubber-D 
nanocomposites, rubber layers may act as craze initiators and crazing could be the main 
toughening mechanism.220 In response to deformation, craze nuclei initiated by rubber layers 
would develop into mature crazes or cavitation, as shown in Figure 8.6a, which is the source of 
energy absorption. Consequently, the PLLA/clay-rubber-D nanocomposites exhibit remarkable 
improvements in toughness compared with neat PLLA. On the other hand, compared with 
PLLA/clay-D nanocomposites, the rubber phase at clay/PLA interface of PLLA/clay-rubber-D 
nanocomposites could in situ release the local stress concentrated by clay and thus prevent 
premature facture. As shown in Figure 8.6b-d, SEM reveals that the fracture surface of 
PLLA/clay-rubber-D nanocomposites is much rougher with fibres pulled out, in contrast to 
that of neat PLLA and PLLA/clay-D nanocomposites, indicating a ductile facture. Moreover, 
the strong stereocomplex interaction between PLLA matrix and clay-rubber-D filler 
contributes to the mechanical enhancement of the nanocomposites as well. The 
stereocomplexation, together with the clay-rubber covalent linkage, makes clay/PLA interface 
an effective bridge for load transfer from the matrix to rigid clay. As a result, the high strength 




Figure 8.6. SEM images of the tensile samples. (a) Surface of 10%-clay-rubber-D after tensile 
tests; (b-d) fracture surface of (b) neat PLLA, (c) 5%-clay-D and (d) 10%-clay-rubber-D. The 
inset of (a) is the enlargement of the small rectangle (the content of clay in samples 5%-clay-D 
is similar to that in sample 10%-clay-rubber-D). 
 
8.4 Summaries 
Poly (lactide) (PLA) nanocomposites which exhibit simultaneous enhancement in strength 
and toughness were successfully fabricated by solution blending of commercial PLLA and 
clay-rubber-D, where clay-rubber-D was synthesized via ring opening polymerization of 
L-lactide/-CL as the PCLLA rubber layers and D-lactide as the outer PDLA segments. The 
quasi-random sequence of PCLLA copolymer and the subsequent grafting of PDLA chains 
were verified by NMR. The rubbery characteristic of PCLLA at room temperature was 
confirmed by MDSC. The resulting PLLA/clay-rubber-D nanocomposites exhibit substantial 
increases in both strength and toughness derived from clay/PLA interfacial control. Crazing is 
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considered as the important toughening mechanism. Crazes or cavitations are initiated by 
rubber layers at clay/PLA interface, which could in situ release the stress concentrated by rigid 
clay and serve as sources of energy absorption. DSC and WAXD confirmed the stereocomplex 
formation between PLLA and clay-rubber-D, which provides a strong matrix/filler interaction 
and ensures sufficient load transfer through the clay/PLA interface. The PLLA/clay-rubber-D 
nanocomposites further confirm the effectiveness of the “filler-rubber-PDLA” strategy to 
































Chapter 9. Biodegradable and Renewable Poly 
(lactide)-Lignin Composites: Synthesis, Interface and 
Toughening Mechanism 
9.1 Introduction 
Lignin is an abundant renewable lignocellulosic biomass extracted from agricultural waste 
products, such as sugar cane bagasse, wheat straw, rice stalk, cotton linters, and forest 
thinnings.245 It is a randomly crosslinked network biopolymer based on phenylpropanoid 
monomer structure and can be found between cells and within cell walls, providing the plant 
with both resistance to biological attack and structural rigidity.246 In vitro, lignin has been 
shown to exhibit antimicrobial and antifungal activity,247 antioxidation248 and ultraviolet (UV) 
radiation absorption249. However, lignin is often disposed of as an industrial waste or by 
combustion to produce heat. In recent years, concern about the depletion of fossil fuel 
resources is driving a strong global interest in renewable energy sources and chemical 
feedstocks derived from plant sources.245 Consequently, using lignin to develop value-added 
products becomes attractive in research areas of materials and chemistry, among which is the 
fabrication of polymer-lignin composites250-254. Unmodified lignin tends to aggregate in 
polymer composites due to hydrogen bonding and van der Waals attraction of polymer chains, 
and π−π stacking of aromatic rings255, 256, which would impair the properties of the resulting 
composites. To overcome this, grafting polymerization of synthetic polymer chains on lignin 
offers an effective solution. For example, Tadamasa et al.252 prepared lignin-graft 
poly(2-ethyl-2-oxazoline) that could produce novel lignin-based polymer blends with 
poly(vinyl chloride), poly(bisphenol A carbonate), polyvinylpyrrolidone, and polystyrene. 
Poly (lactide) (PLA) is a plant-derived biodegradable polymer with three isomeric forms, 
i.e., poly (L-lactide) (PLLA), poly (D-lactide) (PDLA), and poly (racemic-lactide) (PDLLA), 
and has received extensive attention in medical and pharmaceutical fields due to its 
biodegradability and biocompatibility.4, 5 In recent years, PLA’s bio-renewability as well as 
high modulus and strength has made it a promising alternative to petroleum-derived polymers.4 
However, PLA has some drawbacks such as poor impact strength (~5 kJ/m2), small elongation 
at break (<10 %), low heat deflection temperature (HDT) (<60 oC) and poor UV light barrier 
properties, which greatly hinders its large scale commercial applications.208 Lignin has been 
used to modify the properties of PLA to achieve renewable composites,257-259 which however 
hardly exhibit desirable improvements in elongation at break thus still resulting in brittleness. 
On the other hand, rubber toughening is a frequently used strategy to overcome the brittleness 
of PLA composites,209-212 but always at the expense of modulus and tensile strength. In the last 
three chapters, rigid fillers were grafted with rubber to successfully toughen PLA while 
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maintain or even increase PLA’s high modulus. Hence, it is anticipated that by using lignin as a 
“rigid core”, lignin-g-rubber-g-PDLA could also be used to toughen PLA without impairing 
PLA’s modulus and tensile strength. 
 
Scheme 9.1. Synthesis of lig-rubber-D by ring opening polymerization. 
 
In this chapter, fully biodegradable and renewable lignin-rubber-PDLA copolymer for 
toughening PLLA matrix was synthesized as shown in Scheme 9.1, in which two steps were 
involved: First, random copolymer of poly (caprolactone-co-lactide) (PCLLA) was grafted 
onto lignin via ring opening polymerization of -caprolactone (-CL) and lactide monomers, 
initiated by the alkyl alcohol functional groups on lignin, to serve as the rubber-like phase. 
Second, poly (D-lactide) (PDLA) was grafted onto the rubber-like layers to serve as the 
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compatibilizer. The formation of stereocomplex between the PDLA compatibilizer and PLLA 
matrix could facilitate a strong interaction between the lignin-rubber copolymer and the 
polymer matrix, leading to an effective force transfer and better filler dispersion.  
Toughened PLA nanocomposites were formed through blending the synthesized 
lignin-rubber-PDLA copolymer and commercial PLLA, which exhibit a six-fold increase in 
elongation at break and simultaneous improvements in Young’s modulus and tensile strength. 
Crazing, strong stereocomplex interaction, and good particle dispersion are the possible 
mechanisms behind the excellent mechanical performances. Furthermore, attributed to the UV 
absorption property of lignin, the renewable nanocomposites showed good UV light barrier 
characteristics compared with neat PLLA, which would be useful in packaging application. 
 
9.2 Experimental section 
9.2.1 Materials 
D-lactide and L-lactide monomers (99.5 %) were received from Purac and recrystallized in 
ethyl acetate three times. Lignin (organosolv) was purchased from Sigma Aldrich. 
-Caprolactone (-CL) was purchased from Sigma-Aldrich and filtered in glovebox after 
overnight stirring with fresh calcium hydride powder. PLLA (3051D, containing about 96.5 % 
L-lactide, Mw being 160000 with a polydispersity of 1.7) pellets were purchased from 
Natureworks. tin (II)2-ethylhexanoate (95 %, Sn(Oct)2) and anhydrous toluene, both from 
Sigma-Aldrich, were adopted as the catalyst and solvent for the ROP. Lactide and lignin were 
respectively dried at 40 oC and 120 oC in vacuum oven overnight prior to use. All other 
chemicals were used as received. 
 
9.2.2 Synthesis of lignin-rubber-PDLA, lignin-rubber-PLLA and lignin-PDLA 
A two-step ring opening polymerization reaction (ROP) was utilized to synthesize the 
renewable copolymer, lignin-rubber-PDLA (Scheme 9.1). As the first step, lignin-rubber was 
synthesized via ROP of L-lactide and -CL (molar ratio is 1:2), initiated by alcohol groups on 
lignin. Specifically, lignin (0.2 g, as initiators), -CL (9.19 g, 80.6 mmol), were charged into a 
150 ml round bottom flask. The mixture was sealed and stirred at 50 °C for half an hour to 
obtain a homogeneous mixture. Then L-lactide (5.81 g, 40.3 mmol), Sn(Oct)2 (160 μL, as 
catalyst) and anhydrous toluene (100 ml) were further charged. The chemical charging should 
be done in the glovebox. The homogeneous mixture was stirred at 120 °C under reflux in Ar 
using a condenser. After 45 h of stirring, 2 ml reaction mixture was withdrawn and precipitated 
in excess methanol. The precipitated sticky lignin-poly (caprolactone-co-lactide) (PCLLA) 
rubber polymer, denoted as lig-rubber, was collected by centrifugation and methanol washed 
for 3 times. As the second step, D-lactide (5.00 g, 34.7 mmol) was charged into the reaction 
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mixture under Ar immediately after lig-rubber withdrawal and the stirring continued for 
another 15 h. At the end of the reaction, the lignin-rubber-PDLA copolymer, denoted as 
lig-rubber-D, was collected by dissolving in chloroform, precipitating in excess methanol (300 
ml) and filtering with methanol wash. Both lig-rubber and lig-rubber-D were dried at 40 oC in 
vacuum oven overnight. 17.8 g of lig-rubber-D was obtained in 89% yield (by weight).  
To study the effect of interfacial interaction such as stereocomplexation on the properties of 
final nanocomposites, lignin-g-rubber-g-PLLA, denoted as lig-rubber-L, was synthesized as 
the control. The synthesis route is the same as that of lig-rubber-D except that L-lactide 
replaced D-lactide in the second step. 
To investigate the effect of rubber phases at the interface of “rigid filler” lignin and PLA 
matrix on toughening, lignin-PDLA without rubber was synthesized via ROP of D-lactide as 
follows: 0.2 g lignin was added in a two necked flask with a magnetic stirring bar, and purged 
with Ar for 30mins, then D-lactide (4 g) and Sn(OCt)2 (20 mg) were added into the system. Ar 
purging continued for another 30 mins, followed by heating to 150 °C and keeping for 4 hours. 
At the end of the reaction, lignin-PDLA, denoted as lig-D, was collected by dissolving in 
chloroform, precipitating in excess methanol (300 ml) and filtering with methanol wash. 
 
9.2.3 Fabrication of biodegradable and renewable nanocomposites 
Commercial PLLA was first dissolved in chloroform followed by adding lig-rubber-D. The 
concentration of the solution is around 100 mg/ml (totally 4 g of polymer in 40 ml of 
chloroform). The resulting clear solutions were then casted (at ambient condition for 12 h and 
at 80 oC in vacuum for another 12 h) to form nanocomposite films with different lig-rubber-D 
contents denoted as X%-lig-rubber-D, where X stands for lig-rubber-D content, that is, 15 
wt %, 10 wt % and 5 wt %. Neat PLLA films were prepared likewise without adding 
lig-rubber-D. Control samples (2%-lig-D, 5%-lig-rubber-L, 10%-lig-rubber-L, 
15%-lig-rubber-L) were also prepared likewise. The thickness of all films is around 0.5 mm. 
All the samples were placed in a dry cabinet at 25 oC before characterizations. 
 
9.2.4 Characterizations 
Fourier transform infrared spectroscopy (FT-IR) spectra were recorded on a PerkinElmer 
spectrum 2000 spectrometer at a resolution of 1 cm−1. 1H and 13C nuclear magnetic resonance 
(NMR) spectra were recorded on a Bruker 400 MHz NMR spectrometer at room temperature 
using CDCl3 as the solvent. The differential scanning calorimetry (DSC) analyses for all of the 
samples were performed on TA Instrument Q100 under N2. Normal DSC follows the method: 
equilibrate at 25 °C; ramp 10 °C /min to 250 °C. To measure Tg of related polymers, 
modulated DSC (MDSC), which could provide reversing heat flow of materials, was employed 
using the method: equilibrate at 25 °C; ramp 20 °C /min to 230 °C; isothermal for 5 min; ramp 
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20 °C /min to -80 °C; isothermal for 2 min; modulate +/- 2.00 °C every 40 seconds; ramp 
10 °C /min to 230 °C. Wide-angle X-ray diffraction (WAXD) diffractograms were obtained at 
room temperature on a Bruker GADDS diffractometer with an area detector operating under a 
voltage of 40 kV and a current of 40 mA using Cu Kα radiation (=0.15418 nm). Dynamic 
light scattering (DLS) was utilized to measure the apparent hydrodynamic radius, Rh, of related 
polymers, at 25 oC with a Brookhaven BI-200SM multiangle goniometer equipped with a 
Brookhaven BI-APD avalanche photodiode detector. The light source is a 35 mW He-Ne laser 
emitting vertically polarized light of 632.8 nm wavelength. The solvent used in light scattering 
tests was chloroform. All the solutions were freshly prepared and equilibrated for 1 day prior 
to light scattering tests. The dumb-bell-shaped tensile specimens were punched with a CEAST 
hollow die punch (die type: ASTM D638 type V) from the casted nanocomposite films. The 
thickness of the tensile samples is around 0.5 mm. Tensile properties were determined using an 
Instron 5569 universal tensile machine, at a tensile speed of 3.0 mm/min at room temperature. 
The tensile results were averaged from 7 specimens per batch. The tensile facture morphology 
of the nanocomposites was observed on a field emission scanning electron microscope 
(FESEM) (JEOL JSM 6700F). SEM samples were coated with gold. UV spectra were recorded 
using Agilent Cary 5000 from 200 to 800 nm at room temperature. The specimens were 
fabricated in the same way as the nanocomposites and the thickness is around 0.05 mm. 
 
Table 9.1. DSC and NMR analysis of the synthesized polymers. 



























lig-rubber -36 36 - 134 16065 1.5 3.71 4.71 3.23 1.95 1.07 
lig-rubber-D -17 - 158 - 20608 4.2 2.85 - - - - 
lig-rubber-L -16 - - 141 21242 3.33 2.65 - - - - 
lig-D 48 - - 150 7050 - - - - - - 
a Tg is calculated from reversing heat flow traces of modulated DSC in the second heating run.  
b Average Mn of one polymer chain grafted on lignin estimated by 1H NMR. 
c These are the intensity ratios of corresponding peaks labeled in Figure 9.1. 
d Average block length calculated from 1H NMR signals of CL units (b and b’ in Figure 9.1) by 
using LCL=(ICL-CL/ICL-LA)+1. ICL-CL and ICL-LA are the intensities of signals representing CL-CL 
bonds and CL-LA crossover bonds, respectively. 
e Average block length calculated from 13C NMR signals of CL units (f and f’ in Figure 9.1) by 
using LCL=(ICL-CL/ICL-LA)+1. ICL-CL and ICL-LA are the intensities of signals representing CL-CL 
bonds and CL-LA crossover bonds, respectively. 
f Average block length calculated from 13C NMR signals of lactyl units (g and g’ in Figure 9.1) 
by using LLA=(ILA-LA/ILA-CL)+1. ILA-LA and ILA-CL are the intensities of signals representing 
LA-LA bonds and LA-CL crossover bonds, respectively. 
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g Molar ratio determined by intensities of 13C NMR peaks in Figure 9.1, i.e., f, f’, g and g’. 
 
 
Figure 9.1. (a) 1H NMR spectra of lig-rubber-D, lig-rubber-L and lig-rubber; (b) 13C NMR 
spectrum (C=O signals only) of lig-rubber. 
 
9.3 Results and Discussion 
9.3.1 Synthesis of lig-rubber-D, lig-rubber-L and lig-D 
lig-rubber-D or lig-rubber-L was synthesized via ring opening polymerization in two steps. 
In the first step, PCLLA copolymer was grafted onto lignin to form lig-rubber, whose 
randomness could be investigated by NMR. As shown in Figure 9.1, the linkage of a lactyl 
block and a -CL block shows different 1H NMR peaks (“a’”, “b’” and “c’”) and 13C NMR 
peaks (“f’” and “g’”)from either block (“a” and “g” for lactyl blocks; “b”, “c” and “f” for -CL 
blocks).88, 89 By using the intensity ratios of the corresponding peaks, average block lengths of 
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lactyl units and -CL units can be calculated to be 1.95 and 3.23 respectively (Table 9.1). A 
block length of 2.00 corresponds to a random sequence.89 Therefore, it can be demonstrated 
that the PCLLA copolymer has a quasi-random structure where lactyl units are of a nearly 
random distribution while -CL units exhibit blockiness. In addition, lactyl units and -CL 
units are of equivalent amounts (CL/lactyl: 1.07, Table 9.1), which is consistent with the 
feeding ratio of L-lactide and -CL (1:2, one lactide unit equals two lactyl units). In the second 
step, PDLA was subsequently grafted onto PCLLA chains to form lig-rubber-D, which was 
also evidenced by 1H NMR. In Figure 9.1 and Table 9.1, the intensity of peak “a”, which 
corresponds to methine protons within lactyl blocks, is substantially bigger in lig-rubber-D 
than in lig-rubber. In addition, lig-rubber-D shows decreased intensity ratio b/b’ (Table 9.1) 
compared with lig-rubber, indicating that -CL monomers are not fully polymerized in the 
synthesis of lig-rubber and the remaining -CL mostly act as joints in the subsequent 
polymerization with excess D-lactide. To study the importance of stereocomplex interaction in 
toughening commercial PLLA matrix, lig-rubber-L was synthesized in the same way as 
lig-rubber-D except that L-lactide was used in the second step. Similar results can be found for 
lig-rubber-L from Table 9.1, revealing that lig-rubber-L has a similar chain structure to 
lig-rubber-D, which is reasonable for comparison discussed later. The molecular weights of the 
synthesized polymers are characterized by 1H NMR as tabulated in Table 9.1.  
 
9.3.2 Thermal Property  
The thermal property of the synthesized polymers was studied using modulated DSC. When 
lignin was grafted with PCLLA without the outer PDLA, the resulting lig-rubber exhibits a 
glass transition temperature at about -36 oC (Table 9.1) revealing the rubbery characteristic of 
lig-rubber at room temperature. It is worth noting that WAXD diffractogram of lig-rubber 
(Figure 9.2) exhibits peaks characteristic of -form PLA homocrystallites and PCL crystallites, 
although PCLLA was derived from copolymerization of mixture of the two monomers. On the 
other hand, the melting temperatures of the PLA homocrystallites and PCL crystallites in 
PCLLA are about 134 oC and 36 oC (Table 9.1) respectively, both lower than normal PLA and 
PCL melting temperatures of 150 C and 60 oC, respectively260. This indicates that the 





Figure 9.2. WAXD diffractograms of lig-rubber-D, lig-rubber-L and lig-rubber.  stands for 
-form homocrystallites,174 and sc stands for stereocomplex crystallite.175 
 
When PDLA was grafted onto lig-rubber to form lig-rubber-D, a Tg at -17 oC was detected 
which sits in between Tg of lig-rubber (-36 oC) and lig-D (48 oC). The effect of outer PDLA on 
the Tg of PCLLA could be twofold: First, the PDLA chains are directly linked with the 
rubber-like chains, which reduces mobility of the rubber phase and moves the rubber Tg to a 
higher temperature. Second, stereocomplex forms in lig-rubber-D as shown by WAXD in 
Figure 9.2, indicating that the PDLA chains interact with the L-lactyl blocks of PCLLA 
copolymer to form stereocomplex. The formation of stereocomplex would further confine the 
rubber-like phase. All these could lead to an increase in Tg of the rubber-like phase while 
reduce Tg of PDLA. On the other hand, the stereocomplex formed between PDLA and L-lactyl 
blocks melts at only 158 oC (Table 9.1), which is much lower than the normal stereocomplex 
melting point of 210 oC243. This again suggests that L-lactyl blocks in PCLLA are short and 
there are only small stereocomplex crystallites in lig-rubber-D. For lig-rubber-L, no 
stereocomplex could be observed, but only homocrystallites were formed mainly from the 
outer PLLA (Figure 9.2). The homocrystallite melting point of lig-rubber-L is 141 oC, lower 
than the normal value (150 oC), which suggests that the rubber phase may hinder the 




Figure 9.3. (a) FT-IR spectra and (b) DSC thermograms of the nanocomposites. 
 
9.3.3 Stereocomplexation Between lig-rubber-D and PLLA Matrix 
Figure 9.3a shows the FT-IR spectra of neat PLLA and the renewable PLA nanocomposites 
formed between lig-rubber-D (and lig-rubber-L) and PLLA. The IR absorptions at 921 cm-1 
and 908 cm-1 are ascribed to the homocrystallites formed in neat PLLA and sc-crystallites 
formed between PLLA and PDLA respectively.173 From Figure 9.3a, we can see that with the 
increase in lig-rubber-D content, the 921 cm-1absorption is gradually weakened while the 908 
cm-1 absorption becomes evident, clearly indicating stereocomplex formation between PLLA 
matrix and lig-rubber-D. In contrast, there is no stereocomplex absorption at 908 cm-1 for the 
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PLLA/lig-rubber-L nanocomposites.  
DSC was further used to confirm the stereocomplex formation between PLLA matrix and 
lig-rubber-D. In Figure 9.3b, for the solution casted neat PLLA, there is only one melting peak 
at around 150 °C, corresponding to homocrystallites, while for the PLLA/lig-rubber-D 
nanocomposites, an additional melting peak at around 180 °C corresponding to sc-crystallites 
can be observed. It is seen that with increasing lig-rubber-D content the intensity of 
sc-crystallite peak increases while that of homocrystallite peak decreases, which indicates the 
formation of sc-crystallites between PLLA and lig-rubber-D. This stereocomplex melting point 
is lower than the normal value (~210 °C) possibly due to two reasons: (1) PDLA segments in 
lig-rubber-D are too short (Mn: ~4000 g/mol, Table 9.1) for perfect crystallization; (2) the 
rubber segments in lig-rubber-D are quite long (Mn: ~16000 g/mol, Table 9.1) and thus could 
markedly confine the mobility of the outer PDLA segments during crystallization. On the other 
hand, for PLLA/lig-rubber-L nanocomposites, no stereocomplex could be observed. 
 
Figure 9.4. Hydrodynamic radius (Rh) of lig-rubber-D, lig-rubber-L, commercial PLLA and 
their mixtures in chloroform. The concentration of all the chloroform solutions for Rh 
measurement is 2 mg/ml. 
 
Further confirmation of the formation of stereocomplex at the interface between 
lig-rubber-D and matrix comes from DLS study. The hydrodynamic radius, Rh of lig-rubber-D, 
lig-rubber-L, commercial PLLA and their mixtures in chloroform were measured by DLS. As 
can be seen in Figure 9.4, both lig-rubber-D and lig-rubber-L have quite large Rh, indicating 
big aggregation in chloroform. The possible explanation for the large hydrodynamic radius 
observed in lig-rubber-D and lig-rubber-L is that strong inter-lignin interaction due to 
hydrogen bonding and strong π-π interactions resulted from high concentration of benzene 
rings leads to large aggregations. When PLLA is added to form PLLA/lig-rubber-D (1:1) and 
PLLA/lig-rubber-L (1:1) mixtures, the aggregations are significantly reduced, which is 
demonstrated by much lowered Rh from the original 4000 nm to about 800 nm. Rh of 
PLLA/lig-rubber-D mixture is even lower, which is only 60 % of that of PLLA/lig-rubber-L 
mixture. The reduction of aggregation may derive from the strong interaction between the 
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outer PLA segments of particles and the longer commercial PLLA chains. In 
PLLA/lig-rubber-D mixture, this interaction is even stronger and more stable due to 
stereocomplex formed between PDLA segments and the commercial PLLA and hence facilities 
better particle dispersion in comparison with PLLA/lig-rubber-L system. The 
stereocomplex-facilitated dispersion is very important for mechanical properties of composites 
based on lig-rubber-D particles. 
 
 
Figure 9.5. Tensile mechanical properties of the renewable and biodegradable PLA 
nanocomposites. The toughness is calculated by integrating the stress-strain curves. 
 
9.3.4 Mechanical Properties  
For neat PLA, the Young’s modulus, tensile strength and elongation at break are 2.0PGa, 
32MPa and 30% respectively (Figure 9.5). If lig-D was introduced into PLA system, the 
Young’s modulus, tensile strength and elongation at break of the resulting PLA containing 2 
wt% of lig-D increase to 2.4GPa, 37MPa and 45%, respectively. Similar to Chapter 6 in which 
rigid POSS-PDLA filler was used in PLA system, both Young’s modulus and tensile strength 
increase with the incorporation of lig-D. This could be attributed to the high mechanical 
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property of lignin structure which consists of highly concentrated benzene rings. Furthermore, 
the stereocomplexation promotes load transfer from PLA to lignin and could be considered as 
the origin of the enhanced modulus and tensile strength of PLLA/lig-D composites. However, 
different from POSS-PDLA system which shows a significant reduction of elongation at break, 
the elongation at break in the PLLA/lig-D system increases by 50% compared with neat PLLA. 
This could be attributed to the flexibility of lignin structure in which benzenes are linked with 
ether linkages, while POSS is a very rigid inorganic structure.   
When a rubbery layer was inserted into lig-D to form lig-rubber-D, the toughening effect 
was substantially enhanced while other mechanical properties such as Young’s modulus and 
tensile strength were maintained. As shown in Figure 9.5, with the incorporation of 5 wt% of 
lig-rubber-D into PLLA, the resulting nanocomposites (5%-lig-rubber-D) exhibit a significant 
enhancement in toughness compared with neat PLLA, i.e., a six-fold increase in elongation at 
break (180%), which is considerable noting that the rubber content in 5%-lig-rubber-D is only 
about 3.8 wt%. Simultaneously, the Young’s modulus and tensile strength of 5%-lig-rubber-D 
also increase by 5% and 10% respectively. 
The mechanism behind the excellent mechanical enhancement is further elucidated by SEM 
study. Figure 9.6 shows the morphology of the fractured samples after tensile tests. In 
PLLA/lig-rubber-D nanocomposites, rubber layers may act as craze initiators and crazing 
should be the main toughening mechanism.220 In response to deformation, craze nuclei 
initiated by rubber layers would develop into mature crazes, as pointed by the small arrows in 
Figure 9.6c, which is the source of energy absorption. Consequently, the PLLA/lig-rubber-D 
nanocomposites exhibit remarkable improvements in toughness compared with neat PLLA. As 
a comparison, lignin grafted with PDLA without rubber layers, i.e., lig-D, was added to form 
PLLA/lig-D nanocomposites. From Figure 9.5, we can see that the resulting 2%-lig-D shows 
only a slight increase in elongation at break compared with PLLA, although 2%-lig-D 
possesses similar amounts of lignin to 5%-lig-rubber-D. This further confirms the toughening 




Figure 9.6. SEM images of fractured samples after tensile tests, where the double-head arrows 
show the tensile direction. (a-c) surfaces of the deformed part of 15%-lig-rubber-D, (d-f) 
surfaces of the deformed part of 15%-lig-rubber-L. The inset of (c) is the enlargement of the 
area in the rectangle. 
 
With a further increase of lig-rubber-D concentration, however, the Young’s modulus and 
tensile strength were gradually reduced, mainly due to high rubber content. An interseting 
obvervation is that with an increase of lig-rubber-D content, such as 10%-lig-rubber-D and 
15%-lig-rubber-D systems, the elongation at break is also reduced compared with that of 
5%-lig-rubber-D system, although they are still much higher than neat PLA and the 
PLLA/lig-D system. The possible mechanism is that for high concentrations of lig-rubber-D, 
the inter-lignin particles distance is reduced. With so many lig-rubber-D particles and much 
shorter distance between them, rubber phase indusced crazes will develop into cracks before 
they are fully developed and lead to premature failure of polymer composite. This could be the 
reason behind the reduction in elongation at break with the increase of lig-rubber-D 




In addition, filler/matrix interaction also plays an important role in the morphology and 
mechanical property of polymer composites. As revealed by light scattering experiments 
(Figure 9.4), the stereocomplex interaction between PDLA of lig-rubber-D and commercial 
PLLA facilitates better dispersion of lig-rubber-D particles in the nanocomposite system 
compared with the PLLA/lig-rubber-L system. Besides, the stereocomplex interaction also 
enhances load transfer between the matrix and fillers. As a result (Figure 9.5), 
PLLA/lig-rubber-D nanocomposites have substantially improved elongation at break; while 
PLLA/lig-rubber-L, which contains no stereocomplex, exhibits much lower elongation at break. 
Particularly, the elongation at break of 15%-lig-rubber-L is even lower than that of neat PLA. 
The effect of strong stereocomplex interaction could be demonstrated by SEM in Figure 9.6. 
For PLLA/lig-rubber-D nanocomposites (Figure 9.6a-c), the stereocomplex-facilitated 
desirable particle dispersion results in a homogeneous craze distribution, in which most crazes 
could fully develop into mature ones and absorb more energy; while for PLLA/lig-rubber-L 
(Figure 9.6d-f), rubber particles are aggregated in a heterogeneous distribution, which leads to 
more cavitation/voids (labelled by circles in Figure 9.6) and “giant” crazes (labelled by arrows 
in Figure 9.6f). In the case of PLLA/lig-rubber-L, due to aggregation, rubber particles 
conversely act as the source of polymer breakdown and hence the toughening effect is reduced. 
 
Figure 9.7. UV spectra of PLLA and the PLLA/lig-rubber-D nanocomposites. 
 
9.3.5 UV Barrier Property  
UV light barrier property is important for packaging materials to protect light-sensitive 
products during storage. PLA is widely used as a packaging material, but its poor UV barrier 
property limits its application.140 The UV barrier property of PLLA and the PLLA/lig-rubber-D 
nanocomposites is demonstrated in Figure 9.7. With the incorporation of lig-rubber-D into 
PLLA, the resulting nanocomposites exhibit much better UV light barrier property, which 
 131 
 
blocks over half of UV-C (100-280 nm) and UV-B (280-315 nm) and about 40% of UV-A 
(315−400 nm). With less than 0.15 wt% of lignin in the nanocomposites, the good UV barrier 
property is mainly attributed to the homogeneous dispersion of lig-rubber-D particles. 
 
9.4 Summaries 
A series of renewable and fully biodegradable PLA-based nanocomposites were 
successfully fabricated by solution blending of commercial PLLA and lig-rubber-D, where 
lig-rubber-D was synthesized via ring opening polymerization of L-lactide/-CL as the PCLLA 
rubber layers and D-lactide as the outer PDLA segments. The quasi-random sequence of 
PCLLA copolymer and the subsequent grafting of PDLA chains were verified by NMR. The 
rubbery characteristic of PCLLA at room temperature was confirmed by MDSC. Light 
scattering studies showed that stereocomplex interactions between PLLA matrix and 
lig-rubber-D could facilitate the dispersion of lig-rubber-D in chloroform. FTIR and DSC 
confirmed that stereocomplex is formed between PLLA and lig-rubber-D, which provides a 
strong matrix/rubber interaction. The resulting PLLA/lig-rubber-D systems exhibit a six-fold 
increase in elongation at break and simultaneous improvement in modulus and tensile strength. 
Crazing is considered as the important toughening mechanism. The stereocomplex between 
matrix and lig-rubber-D and a rubber phase which mediates at the interface of matrix and 
lignin are the possible origins of the simultaneously enhanced toughness and strength of the 
nanocomposites. The toughened PLA nanocomposite also has desirable UV light barrier 
properties, which together with its excellent mechanical performances endows the 

















Chapter 10. Conclusions and Outlook 
In this thesis, the sterecomplex formed between PDLA and PLLA is exploited as the 
matrix/filler interaction in PLA nanocomposites. Several fillers are grafted with PDLA to be 
incorporated into commercial PLLA to form nanocomposites. The crystallization behaviors of 
the nanocomposites are studied. A filler-rubber-PDLA structure is designed and demonstrated 
to successfully overcome the conflict of strength and toughness in PLA. The main findings are 
briefly summarized here: 
(1) The stereocomplex formed between grafted PDLA on fillers and commercial PLLA 
effectively facilitates filler dispersion in PLLA matrix and enhances matrix/filler 
interactions. 
(2) PDLA is grafted on the edges of graphene oxide (GO) sheets to form GO-g-PDLA. The 
incorporation of GO-g-PDLA into commericial PLLA leads to lower crystallization 
activation energies and enhanced crystallinities in solution casting samples, which could 
be attributed to the heterogeneous nucleating effect of GO. In condense states, although 
GO could lower the activation energy of crystallization, the confinement effect of 
2-dimensional GO and the resulting low polymer chain mobility lead to lower 
crystallinities and smaller crystalline sizes. 
(3) PDLA is grafted to clay, also a 2-D nanofiller, on its basal planes to form clay-g-PDLA. 
The incorporation of clay-g-PDLA into commercial PLLA leads to a lower crystallization 
activation energy due to the heterogeneous nucleating effect of clay sheets. During 
solution casting process, PLLA has to diffuse into clay gallery to form stereocomplex 
(sc)-crystallites, which is relatively hard and results in reduced sc-crystallite formation. 
For the subsequently cold crystallized samples in condense states, PLLA that has entered 
clay gallery in solution casting is “trapped” and can in situ participate in 
stereocomplexation with PDLA inside the gallery during cold crystallization, so desirable 
crystallinities can be well maintained. 
(4) The findings on crystallization behaviors in PLLA/CNT-g-PDLA nanocomposites are 
similar to those in PLLA/GO-g-PDLA nanocomposites, except that the 1-D morphology of 
CNT results in less confinement on polymer chains and crystallization in the condense 
state than 2-D GO. 
(5) 3-D POSS is also grafted with PDLA and blended with commercial PLLA. The tiny 
dot-like POSS has much less confinement on the cold crystallization of PLA. 
(6) Rubber is utilized to overcome the brittleness of PLA nanocomposites. 
POSS-rubber-PDLA is synthesized and incorporated into commercial PLLA to 
successfully enhance the elongation at break of the polymer. The toughening effect mainly 
arises from rubber-initiated crazing. What is interesting is that the modulus and tensile 
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strength of the nanocomposites are not sacrificed but even improved simultaneously, 
which may be due to the collaborative structure of rigid POSS grafted with rubbery 
phases. 
(7) The strategy used in PLLA/POSS-rubber-PDLA is extended to GO as the rigid filler. 
PLLA/GO-rubber-PDLA nanocomposites show simultaneously enhanced strength and 
toughness compared with neat PLLA. Through systematic comparative study, it is found 
that the mechanism lies in the synergy of rigid GO and the rubbery phases by GO-rubber 
covalent bonds. The effectiveness of the “filler-rubber-PDLA” strategy is further 
confirmed by PLLA/clay-rubber-PDLA and PLLA/lignin-rubber-PDLA systems. 
 
Based on the above findings, future exploration can be carried out to develop high strength 
and high toughness composite materials in industrial applications. Several aspects of the future 
work are suggested here. 
(1) The detailed mechanisms of the “filler-rubber-PDLA” strategy to reinforce PLA need 
further clarification. More experiments, including small angle X-ray diffraction and TEM, 
should be done to analyse the facture of the specimen. Meanwhile, modeling should also 
be carried out to facilitate the understanding of this strategy.  
(2) Extend the “filler-rubber-PDLA” design concept to other filler systems such as silica 
particles and carbon nanotubes. 
(3) The design concept may be applied to other rubber systems, such as silicone rubber.  
(4) The design concept may be applied to other polymer matrices, such as poly(methyl 
methacrylate) (PMMA) and epoxy. It is worth mentioning that the compatibilizer, which is 
PDLA for PLLA matrix, may vary in different polymer matrices to ensure strong 
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